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Preface 



Electrical and Electronic Principles and Technol- 
ogy, 2nd edition introduces the principles which 
describe the operation of d.c. and a.c. circuits, cov- 
ering both steady and transient states, and applies 
these principles to filter networks (which is new for 
this edition), operational amplifiers, three-phase sup- 
plies, transformers, d.c. machines and three-phase 
induction motors. 

This second edition of the textbook provides 
coverage of the following: 

(i) ‘Electrical and Electronic Principles (National 
Certificate and National Diploma unit 6) 

(ii) ‘Further Electrical and Electronic Principles’ 
(National Certificate and National Diploma 
unit 17) 

(iii) ‘Electrical and Electronic Principles’ (Advan- 
ced GNVQ unit 7) 

(iv) ‘Further Electrical and Electronic Principles’ 
(Advanced GNVQ unit 13) 

(v) ‘Electrical Power Technology’ (Advanced 
GNVQ unit 27) 

(vi) Electricity content of ‘Applied Science and 
Mathematics for Engineering’ (Intermediate 
GNVQ unit 4) 

(vii) The theory within ‘Electrical Principles and 
Applications’ (Intermediate GNVQ unit 6) 

(viii) ‘Telecommunication Principles’ (City & 
Guilds Technician Diploma in Telecommuni- 
cations and Electronics Engineering) 

(ix) Any introductory/Access/Foundation course 
involving Electrical and Electronic Engineer- 
ing 

The text is set out in three main sections: 

Part 1, comprising chapters 1 to 12, involves 
essential Basic Electrical and Electronic Engi- 
neering Principles, with chapters on electrical units 
and quantities, introduction to electric circuits, resis- 
tance variation, chemical effects of electricity, series 
and parallel networks, capacitors and capacitance, 
magnetic circuits, electromagnetism, electromag- 
netic induction, electrical measuring instruments 



and measurements, semiconductors diodes and 
transistors. 

Part 2, comprising chapters 13 to 19, involves 
Further Electrical and Electronic Principles, with 
chapters on d.c. circuit theorems, alternating volt- 
ages and currents, single-phase series and parallel 
networks, filter networks, d.c. transients and opera- 
tional amplifiers. 

Part 3, comprising chapters 20 to 23, involves 
Electrical Power Technology, with chapters on 
three-phase systems, transformers, d.c. machines 
and three-phase induction motors. 

Each topic considered in the text is presented 
in a way that assumes in the reader little previ- 
ous knowledge of that topic. Theory is introduced 
in each chapter by a reasonably brief outline of 
essential information, definitions, formulae, proce- 
dures, etc. The theory is kept to a minimum, for 
problem solving is extensively used to establish and 
exemplify the theory. It is intended that readers will 
gain real understanding through seeing problems 
solved and then through solving similar problems 
themselves. 

‘Electrical and Electronic Principles and Technol- 
ogy’ contains over 400 worked problems, together 
with 340 multi-choice questions (with answers at 
the back of the book). Also included are over 420 
short answer questions, the answers for which can 
be determined from the preceding material in that 
particular chapter, and some 560 further questions, 
arranged in 142 Exercises, all with answers, in 
brackets, immediately following each question; the 
Exercises appear at regular intervals - every 3 or 4 
pages - throughout the text. 500 line diagrams fur- 
ther enhance the understanding of the theory. All of 
the problems - multi-choice, short answer and fur- 
ther questions - mirror practical situations found in 
electrical and electronic engineering. 

At regular intervals throughout the text are seven 
Assignments to check understanding. For example, 
Assignment 1 covers material contained in chapters 
1 to 4, Assignment 2 covers the material contained 
in chapters 5 to 7, and so on. These Assignments 
do not have answers given since it is envisaged that 
lecturers could set the Assignments for students to 
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attempt as part of their course structure. Lecturers’ 
may obtain a complimentary set of solutions of the 
Assignments in an Instructor’s Manual available 
from the publishers via the internet - see below. 

A list of relevant formulae are included at the 
end of each of the three sections of the book. 

‘Learning by Example’ is at the heart of Elec- 
trical and Electronic Principles and Technology, 2nd 
edition. 

John Bird 
University of Portsmouth 



Instructor’s Manual 

Full worked solutions and mark scheme for all the 
Assignments are contained in this Manual, which is 
available to lecturers only. To obtain a password 
please e-mail J.Blackford@Elsevier.com with the 
following details: course title, number of students, 
your job title and work postal address. 

To download the Instructor’s Manual visit 
http://www.newnepress.com and enter the book title 
in the search box, or use the following direct URL: 
http://www.bh.com/manuals/0750657782/ 
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Section 1 

Basic Electrical and Electronic 
Engineering Principles 
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1 

Units associated with basic electrical 
quantities 



At the end of this chapter you should be able to: 

• state the basic SI units 

• recognize derived SI units 

• understand prefixes denoting multiplication and division 

• state the units of charge, force, work and power and perform simple calculations 
involving these units 

• state the units of electrical potential, e.m.f., resistance, conductance, power and 
energy and perform simple calculations involving these units 



1.1 SI units 




The system of units used in engineering and science 
is the Systeme Internationale d'Unites (International 
system of units), usually abbreviated to SI units, and 
is based on the metric system. This was introduced 
in 1960 and is now adopted by the majority of 
countries as the official system of measurement. 


The basic units in 
with their symbols: 


the SI system are listed below 


Quantity 


Unit 


length 


metre, m 


mass 


kilogram, kg 


time 


second, s 


electric current 


ampere, A 


thermodynamic temperature kelvin, K 


luminous intensity 


candela, cd 


amount of substance 


mole, mol 



Derived SI units use combinations of basic units 
and there are many of them. Two examples are: 

Velocity - metres per second (m/s) 



Acceleration - metres per second 
squared (m/s 2 ) 

SI units may be made larger or smaller by using 
prefixes which denote multiplication or division by a 
particular amount. The six most common multiples, 
with their meaning, are listed below: 



Prefix 


Name 


Meaning 


M 


mega 


multiply by 1 000000 (i.e. x 10 6 ) 


k 


kilo 


multiply by 1000 (i.e. x 10 3 ) 


m 


milli 


divide by 1000 (i.e. x 10 -3 ) 


P 


micro 


divide by 1000000 (i.e. x 10 -6 ) 


n 


nano 


divide by 1 000 000 000 






(i.e. x 10" 9 ) 


P 


pico 


divide by 1000000000000 



(i.e. x 1CT 12 ) 



1.2 Charge 

The unit of charge is the coulomb (C) where 
one coulomb is one ampere second. ( 1 coulomb = 
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6.24 x 10 18 electrons). The coulomb is defined as 
the quantity of electricity which flows past a given 
point in an electric circuit when a current of one 
ampere is maintained for one second. Thus, 

charge, in coulombs Q — It 

where I is the current in amperes and t is the time 
in seconds. 



Problem 1 . If a current of 5 A flows for 
2 minutes, find the quantity of electricity 
transferred. 



Quantity of electricity Q — It coulombs 

7 = 5 A, f = 2x 60= 120 s 
Hence Q = 5 x 120 = 600 C 

1.3 Force 

The unit of force is the newton (N) where one 
newton is one kilogram metre per second squared. 
The newton is defined as the force which, when 
applied to a mass of one kilogram, gives it an 
acceleration of one metre per second squared. Thus, 

force, in newtons F = ma 

where m is the mass in kilograms and a is the accel- 
eration in metres per second squared. Gravitational 
force, or weight, is mg, where g = 9.81 m/s 2 

Problem 2. A mass of 5000 g is accelerated 
at 2 m/s 2 by a force. Determine the force 
needed. 



Force = mass x acceleration 

= 5kg x 2 m/s 2 = 10kg m/s 2 = ION 

Problem 3. Find the force acting vertically 
downwards on a mass of 200 g attached to a 
wire. 



Mass = 200 g = 0.2 kg and acceleration due to 
gravity, g = 9.81 m/s 2 

Force acting ) . , , 

downwards } — wel 8 1 

= mass x acceleration 

= 0.2 kg x 9.81 m/s 2 

= 1.962 N 

1.4 Work 

The unit of work or energy is the joule (J) where 
one joule is one newton metre. The joule is defined 
as the work done or energy transferred when a force 
of one newton is exerted through a distance of one 
metre in the direction of the force. Thus 

work done on a body, in joules, W — Fs 

where F is the force in newtons and 5 is the distance 
in metres moved by the body in the direction of the 
force. Energy is the capacity for doing work. 



1.5 Power 

The unit of power is the watt (W) where one watt 
is one joule per second. Power is defined as the rate 
of doing work or transferring energy. Thus, 



power, in watts, P 



where W is the work done or energy transferred, in 
joules, and t is the time, in seconds. Thus, 

energy, in joules, W — Pt 



Problem 4. A portable machine requires a 
force of 200 N to move it. How much work 
is done if the machine is moved 20 m and 
what average power is utilized if the 
movement takes 25 s? 



Work done = force x distance 
= 200 N x 20m 

= 4000 Nm or 4 kj 
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work done 

Power = 

time taken 



4000 J 
25 s 



= 160 J/s = 160 W 



Problem 5. A mass of 1000 kg is raised 
through a height of 10 m in 20 s. What is 
(a) the work done and (b) the power 
developed? 



(a) Work done = force x distance 
and force = mass x acceleration 

H f n ^ e ’ = (1000kg x 9.81 m/s 2 ) x (10m) 
work done e 

= 98 100 Nm 

= 98.1 kNm or 98.1 kj 

work done 98 100 J 

(b) Power = = 

time taken 20 s 



8 Determine the force acting downwards on 
a mass of 1500 g suspended on a string. 

[14.72 N] 

9 A force of 4N moves an object 200 cm in the 

direction of the force. What amount of work 
is done? [8 J] 

10 A force of 2.5 kN is required to lift a load. 

How much work is done if the load is lifted 
through 500 cm? [12.5 kJ] 

11 An electromagnet exerts a force of 12 N and 
moves a soft iron armature through a distance 
of 1 .5 cm in 40 ms. Find the power consumed. 

[4.5 W] 

12 A mass of 500 kg is raised to a height of 6 m 
in 30 s. Find (a) the work done and (b) the 
power developed. 

[(a) 29.43 kNm (b) 981 W] 



= 4905 J/s = 4905 W or 4.905 kW 



1.6 Electrical potential and e.m.f. 



Now try the following exercise 



Exercise 1 Further problems on charge, 
force, work and power 

(Take g — 9.81 m/s 2 where appropriate) 

1 What quantity of electricity is carried by 

6.24 x 10 21 electrons? [1000 C] 

2 In what time would a current of 1 A transfer 

a charge of 30 C? [30 s] 

3 A current of 3 A flows for 5 minutes. What 

charge is transferred? [900 C] 

4 How long must a current of 0. 1 A flow so as 
to transfer a charge of 30 C? [5 minutes] 

5 What force is required to give a mass of 20 kg 

an acceleration of 30 m/s 2 ? [600 N] 

6 Find the accelerating force when a car having 
a mass of 1.7 Mg increases its speed with a 
constant acceleration of 3 m/s 2 [5.1 kN] 

7 A force of 40 N accelerates a mass at 5 m/s 2 . 

Determine the mass. [8 kg] 



The unit of electric potential is the volt (V), where 
one volt is one joule per coulomb. One volt is 
defined as the difference in potential between two 
points in a conductor which, when carrying a cur- 
rent of one ampere, dissipates a power of one 
watt, i.e. 

watts joules/second 

volts = = 

amperes amperes 

joules joules 

ampere seconds coulombs 

A change in electric potential between two points in 
an electric circuit is called a potential difference. 
The electromotive force (e.m.f.) provided by a 
source of energy such as a battery or a generator 
is measured in volts. 



1.7 Resistance and conductance 

The unit of electric resistance is the ohm(f2), 

where one ohm is one volt per ampere. It is defined 
as the resistance between two points in a conductor 
when a constant electric potential of one volt applied 
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at the two points produces a current flow of one 
ampere in the conductor. Thus, 



resistance, in ohms R — — 

/ 



where V is the potential difference across the two 
points, in volts, and I is the current flowing between 
the two points, in amperes. 

The reciprocal of resistance is called conductance 
and is measured in siemens (S). Thus 



conductance, in siemens Q — — 

R 

where R is the resistance in ohms. 

Problem 6. Find the conductance of a 
conductor of resistance: (a) 10 £2 (b) 5k£2 
(c) 100 mST. 



1 1 

(a) Conductance G — — — — siernen = 0.1 S 

10 

(b) G — — — l — S = 0.2x 10~ 3 S = 0.2 mS 

R 5 x 10~' 

(c) G = — = S = — S = 10S 

R 100 x 10^ 3 100 



Problem 7. A source e.rn.f. of 5 V supplies 
a current of 3 A for 10 minutes. How much 
energy is provided in this time? 



Energy = power x time, and power = voltage x 
current. Hence 

Energy = Vlt = 5 x 3 x (10 x 60) 

= 9000 Ws or J = 9kJ 



Problem 8. An electric heater consumes 
1.8 MJ when connected to a 250 V supply for 
30 minutes. Find the power rating of the 
heater and the current taken from the supply. 



Power = 



energy 1.8 x 10 6 J 

time 30 x 60 s 

= 1000 J/s = 1000 W 



i.e. power rating of heater = 1 kW 

P 1000 

Power P — VI, thus I — — — = 4 A 

V 250 

Hence the current taken from the supply is 4 A. 



Now try the following exercise 



1.8 Electrical power and energy 

When a direct current of / amperes is flowing in an 
electric circuit and the voltage across the circuit is 
V volts, then 

power, in watts P = VI 

Electrical energy = Power x time 
= Vlt joules 

Although the unit of energy is the joule, when 
dealing with large amounts of energy, the unit used 
is the kilowatt hour (kWh) where 

1 kWh = 1000 watt hour 

= 1000 x 3600 watt seconds or joules 
= 3 600 000 J 



Exercise 2 Further problems on e.rn.f., 

resistance, conductance, power and energy 

1 Find the conductance of a resistor of resistance 
(a) 10 £2 (b) 2k£2 (c) 2mf2 

[(a) 0.1 S (b) 0.5 mS (c) 500 SI 

2 A conductor has a conductance of 50 pS. What 

is its resistance? [20kf2] 

3 An e.rn.f. of 250 V is connected across a resis- 
tance and the current flowing through the resis- 
tance is 4 A. What is the power developed? 

[lkW] 

4 450 J of energy are converted into heat in 
1 minute. What power is dissipated? [7.5 W] 

5 A current of 10 A flows through a conductor 

and 10 W is dissipated. What p.d. exists across 
the ends of the conductor? [1 V] 
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6 A battery of e.m.f. 12 V supplies a current 

of 5 A for 2 minutes. How much energy is 
supplied in this time? [7.2 kJ] 

7 A d.c. electric motor consumes 36 MJ when 

connected to a 250 V supply for 1 hour. Find 
the power rating of the motor and the current 
taken from the supply. [10 kW, 40 A] 



1.9 Summary of terms, units and 
their symbols 



Quantity 


Quantity 

Symbol 


Unit 


Unit 

Symbol 


Length 


1 


metre 


m 


Mass 


m 


kilogram 


kg 


Time 


t 


second 


s 


Velocity 


V 


metres per 
second 


m/s or 
ms -1 


Acceleration 


a 


metres per 
second 
squared 


m/s 2 or 
ms -2 


Force 


F 


newton 


N 


Electrical 


Q 


coulomb 


C 


charge or 
quantity 


Electric current 


I 


ampere 


A 


Resistance 


R 


ohm 


Q 


Conductance 


G 


siemen 


S 


Electromotive 


E 


volt 


V 


force 


Potential 


V 


volt 


V 


difference 


Work 


W 


joule 


J 


Energy 


E (or W) 


joule 


J 


Power 


P 


watt 


w 



Now try the following exercises 



Exercise 3 Short answer questions on 
units associated with basic electrical 
quantities 

1 What does ‘SI units’ mean? 

2 Complete the following: 

Force = x 

3 What do you understand by the term ‘poten- 
tial difference’ ? 



4 Define electric current in terms of charge and 
time 

5 Name the units used to measure: 

(a) the quantity of electricity 

(b) resistance 

(c) conductance 

6 Define the coulomb 

7 Define electrical energy and state its unit 

8 Define electrical power and state its unit 

9 What is electromotive force? 

10 Write down a formula for calculating the 
power in a d.c. circuit 

11 Write down the symbols for the following 
quantities: 

(a) electric charge (b) work 

(c) e.m.f. (d) p.d. 

12 State which units the following abbreviations 
refer to: 

(a) A (b) C (c) J (d) N (e) m 



Exercise 4 Multi-choice questions on units 
associated with basic electrical quantities 
(Answers on page 375) 

1 A resistance of 50 kf? has a conductance of: 

(a) 20 S (b) 0.02 S 

(c) 0.02 mS (d) 20 kS 

2 Which of the following statements is incor- 
rect? 

(a) 1 N = 1 kg m/s 2 (b) 1 V = 1 J/C 

(c) 30 mA = 0.03 A (d) 1 J = 1 N/m 

3 The power dissipated by a resistor of 10 £2 
when a current of 2 A passes through it is: 
(a) 0.4 W (b) 20 W (c) 40 W (d) 200 W 

4 A mass of 1200 g is accelerated at 200 cm/s 2 
by a force. The value of the force required 
is: 

(a) 2.4 N (b) 2400 N 

(c) 240 kN (d) 0.24 N 

5 A charge of 240 C is transferred in 2 minutes. 
The current flowing is: 

(a) 120 A (b) 480 A (c) 2 A (d) 8 A 

6 A current of 2 A flows for 10 h through a 
100 £2 resistor. The energy consumed by the 
resistor is: 
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(a) 0.5 kWh (b) 4 kWh 

(c) 2 kWh (d) 0.02 kWh 

7 The unit of quantity of electricity is the: 

(a) volt (b) coulomb 

(c) ohm (d) joule 

8 Electromotive force is provided by: 

(a) resistance’s 

(b) a conducting path 

(c) an electric current 

(d) an electrical supply source 

9 The coulomb is a unit of: 

(a) power 

(b) voltage 



(c) energy 

(d) quantity of electricity 

10 In order that work may be done: 

(a) a supply of energy is required 

(b) the circuit must have a switch 

(c) coal must be burnt 

(d) two wires are necessary 

1 1 The ohm is the unit of: 

(a) charge (b) resistance 

(c) power (d) current 

12 The unit of current is the: 

(a) volt (b) coulomb 

(c) joule (d) ampere 
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2 

An introduction to electric circuits 



At the end of this chapter you should be able to: 

• appreciate that engineering systems may be represented by block diagrams 

• recognize common electrical circuit diagram symbols 

• understand that electric current is the rate of movement of charge and is measured 
in amperes 

• appreciate that the unit of charge is the coulomb 

• calculate charge or quantity of electricity Q from Q — It 

• understand that a potential difference between two points in a circuit is required for 
current to flow 

• appreciate that the unit of p.d. is the volt 

• understand that resistance opposes current flow and is measured in ohms 

• appreciate what an ammeter, a voltmeter, an ohmmeter, a multimeter and a C.R.O. 
measure 

• distinguish between linear and non-linear devices 

• state Ohm’s law as V — IR or I = V/R or R = V/I 

• use Ohm’s law in calculations, including multiples and sub-multiples of units 

• describe a conductor and an insulator, giving examples of each 

• appreciate that electrical power P is given by P — VI — I 2 R = V 2 /R watts 

• calculate electrical power 

• define electrical energy and state its unit 

• calculate electrical energy 

• state the three main effects of an electric current, giving practical examples of each 

• explain the importance of fuses in electrical circuits 



2.1 Electrical/electronic system block 
diagrams 

An electrical/electronic system is a group of com- 
ponents connected together to perform a desired 
function. Figure 2.1 shows a simple public address 



system, where a microphone is used to collect 
acoustic energy in the form of sound pressure waves 
and converts this to electrical energy in the form 
of small voltages and currents; the signal from 
the microphone is then amplified by means of 
an electronic circuit containing transistors/integrated 
circuits before it is applied to the loudspeaker. 
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A.C. Supply 



Microphone 

)))C0- 



Amplifier 



Loudspeaker 

-CD)) 



Thermostat 




Figure 2.3 



Figure 2.1 

A sub-system is a part of a system which per- 
forms an identified function within the whole sys- 
tem; the amplifier in Fig. 2.1 is an example of a 
sub- system 

A component or element is usually the simplest 
part of a system which has a specific and well- 
defined function - for example, the microphone in 
Fig. 2.1 

The illustration in Fig. 2.1 is called a block dia- 
gram and electrical/electronic systems, which can 
often be quite complicated, can be better understood 
when broken down in this way. It is not always 
necessary to know precisely what is inside each 
sub-system in order to know how the whole system 
functions. 

As another example of an engineering system, 
Fig. 2.2 illustrates a temperature control system con- 
taining a heat source (such as a gas boiler), a fuel 
controller (such as an electrical solenoid valve), a 
thermostat and a source of electrical energy. The 
system of Fig. 2.2 can be shown in block diagram 
form as in Fig. 2.3; the thermostat compares the 



actual room temperature with the desired temper- 
ature and switches the heating on or off. 

There are many types of engineering systems. 
A communications system is an example, where 
a local area network could comprise a file server, 
coaxial cable, network adapters, several computers 
and a laser printer; an electromechanical system is 
another example, where a car electrical system could 
comprise a battery, a starter motor, an ignition coil, 
a contact breaker and a distributor. All such systems 
as these may be represented by block diagrams. 



2.2 Standard symbols for electrical 
components 

Symbols are used for components in electrical cir- 
cuit diagrams and some of the more common ones 
are shown in Fig. 2.4 



2.3 Electric current and quantity of 
electricity 



240 V 




Figure 2.2 



All atoms consist of protons, neutrons and elec- 
trons. The protons, which have positive electrical 
charges, and the neutrons, which have no electrical 
charge, are contained within the nucleus. Removed 
from the nucleus are minute negatively charged par- 
ticles called electrons. Atoms of different materials 
differ from one another by having different numbers 
of protons, neutrons and electrons. An equal number 
of protons and electrons exist within an atom and it 
is said to be electrically balanced, as the positive and 
negative charges cancel each other out. When there 
are more than two electrons in an atom the electrons 
are arranged into shells at various distances from the 
nucleus. 

All atoms are bound together by powerful forces 
of attraction existing between the nucleus and its 
electrons. Electrons in the outer shell of an atom, 
however, are attracted to their nucleus less power- 
fully than are electrons whose shells are nearer the 
nucleus. 
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Conductor | j 

Two conductors Two conductors 

crossing but not joined together 

joined 



Fixed resistor 



vWv 

Alternative symbol 
for fixed resistor 




Variable resistor 



Cell 

Switch 



® 

Ammeter 



Figure 2.4 



lit 

Battery of 3 cells 

- 0 - 

Filament lamp 

© 

Voltmeter 




Alternative symbol 
for battery 



Fuse 



-<X>- 

Alternative fuse 
symbol 



It is possible for an atom to lose an electron; 
the atom, which is now called an ion, is not now 
electrically balanced, but is positively charged and 
is thus able to attract an electron to itself from 
another atom. Electrons that move from one atom 
to another are called free electrons and such random 
motion can continue indefinitely. However, if an 
electric pressure or voltage is applied across any 
material there is a tendency for electrons to move 
in a particular direction. This movement of free 
electrons, known as drift, constitutes an electric 
current flow. Thus current is the rate of movement 
of charge. 

Conductors are materials that contain electrons 
that are loosely connected to the nucleus and can 
easily move through the material from one atom to 
another. 

Insulators are materials whose electrons are held 
firmly to their nucleus. 

The unit used to measure the quantity of elec- 
trical charge Q is called the coulomb C (where 1 
coulomb = 6.24 x 10 18 electrons) 

If the drift of electrons in a conductor takes place 
at the rate of one coulomb per second the resulting 



current is said to be a current of one ampere. 

Thus 1 ampere = 1 coulomb per second or 
1 A = 1 C/s 

Hence 1 coulomb = 1 ampere second or 
1 C = 1 As 

Generally, if I is the current in amperes and t the 
time in seconds during which the current flows, then 
I x t represents the quantity of electrical charge 
in coulombs, i.e. quantity of electrical charge trans- 
ferred. 



Q = I x t coulombs 



Problem 1 . What current must flow if 
0.24 coulombs is to be transferred in 15 ms? 



Since the quantity of electricity, Q = It, then 




0.24 



15 x 10- 3 
240 



15 



= 16 A 



0.24 x 10 3 
15 



Problem 2. If a current of 10 A flows for 
four minutes, find the quantity of electricity 
transferred. 



Quantity of electricity, Q = It coulombs. / = 1 0 A 
and t — 4 x 60 — 240 s. Hence 

Q = 10 x 240 = 2400 C 



Now try the following exercise 



Exercise 5 Further problems on charge 

1 In what time would a current of 10 A transfer 

a charge of 50 C ? [5 s] 

2 A current of 6 A flows for 10 minutes. What 

charge is transferred ? [3600 C] 

3 How long must a current of 100mA flow so 
as to transfer a charge of 80 C? [13 min 20 s] 
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2.4 Potential difference and resistance 

For a continuous current to flow between two points 
in a circuit a potential difference (p.d.) or voltage, 
V, is required between them; a complete conducting 
path is necessary to and from the source of electrical 
energy. The unit of p.d. is the volt, V. 

Figure 2.5 shows a cell connected across a fila- 
ment lamp. Current flow, by convention, is consid- 
ered as flowing from the positive terminal of the 
cell, around the circuit to the negative terminal. 




The flow of electric current is subject to friction. 
This friction, or opposition, is called resistance R 
and is the property of a conductor that limits current. 
The unit of resistance is the ohm; 1 ohm is defined 
as the resistance which will have a current of 1 
ampere flowing through it when 1 volt is connected 
across it. 



i.e. 



resistance R — 



Potential difference 
current 



2.5 Basic electrical measuring 
instruments 

An ammeter is an instrument used to measure 
current and must be connected in series with the 
circuit. Figure 2.5 shows an ammeter connected 
in series with the lamp to measure the current 
flowing through it. Since all the current in the circuit 
passes through the ammeter it must have a very low 
resistance. 

A voltmeter is an instrument used to measure 
p.d. and must be connected in parallel with the part 
of the circuit whose p.d. is required. In Fig. 2.5, a 
voltmeter is connected in parallel with the lamp to 
measure the p.d. across it. To avoid a significant 



current flowing through it a voltmeter must have a 
very high resistance. 

An ohmmeter is an instrument for measuring 
resistance. 

A multimeter, or universal instrument, may be 
used to measure voltage, current and resistance. An 
‘Avometer’ is a typical example. 

The cathode ray oscilloscope (CRO) may be 
used to observe waveforms and to measure voltages 
and currents. The display of a CRO involves a spot 
of light moving across a screen. The amount by 
which the spot is deflected from its initial position 
depends on the p.d. applied to the terminals of 
the CRO and the range selected. The displacement 
is calibrated in ‘volts per cm’. For example, if 
the spot is deflected 3 cm and the volts/cm switch 
is on lOV/cm then the magnitude of the p.d. is 
3cm x lOV/cm, i.e. 30V. 

(See Chapter 10 for more detail about electrical 
measuring instruments and measurements.) 



2.6 Linear and non-linear devices 

Figure 2.6 shows a circuit in which current I can 
be varied by the variable resistor Ri- For various 
settings of R 2 , the current flowing in resistor R ] , 
displayed on the ammeter, and the p.d. across R lt 
displayed on the voltmeter, are noted and a graph 
is plotted of p.d. against current. The result is 
shown in Fig. 2.7(a) where the straight line graph 
passing through the origin indicates that current is 
directly proportional to the p.d. Since the gradient, 
i.e. (p.d.)/ (current) is constant, resistance Ri is 
constant. A resistor is thus an example of a linear 
device. 




If the resistor R\ in Fig. 2.6 is replaced by a 
component such as a lamp then the graph shown 
in Fig. 2.7(b) results when values of p.d. are noted 
for various current readings. Since the gradient is 
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Figure 2.7 



2.8 Multiples and sub-multiples 

Currents, voltages and resistances can often be 
very large or very small. Thus multiples and sub- 
multiples of units are often used, as stated in chap- 
ter 1. The most common ones, with an example of 
each, are listed in Table 2.1 



Problem 4. Determine the p.d. which must 
changing, the lamp is an example of a non-linear p c applied to a 2 kO resistor in order that a 
device. current of 10 mA may flow. 



2.7 Ohm’s law 

Ohm’s law states that the current 7 flowing in a 
circuit is directly proportional to the applied voltage 
V and inversely proportional to the resistance R, 
provided the temperature remains constant. Thus, 




V V 

I — — or V = IR or R — — 
R I 



Problem 3. The current flowing through a 
resistor is 0.8 A when a p.d. of 20 V is 
applied. Determine the value of the 
resistance. 

From Ohm’s law, 

V 20 200 

resistance R — — — — = = 25 £2 

7 0.8 8 



Resistance R = 2k£2 — 2 x 10 3 = 2000 Ci 

Current 7=10 mA = 10 x 1 0 3 A 
10 10 

or — t A or A = 0.01 A 

10 3 1000 

From Ohm’s law, potential difference, 

V — IR — (0.01)(2000) = 20 V 






Problem 5. A coil has a current of 50 mA 
flowing through it when the applied voltage 
is 12 V. What is the resistance of the coil? 



V 12 

Resistance, R — — — 

7 50 x 1 



7 50 x 10~ 3 

12 x 10 3 12 



12 000 



= 240 ft 
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Problem 6. A 100 V battery is connected 
across a resistor and causes a current of 
5 mA to flow. Determine the resistance of the 
resistor. If the voltage is now reduced to 
25 V, what will be the new value of the 
current flowing? 



V 100 

Resistance R — — = 

/ 5 x 10- 3 



100 x 10 3 
5 




8 12 16 20 
Voltage / V 



Figure 2.8 



= 20 x 10 3 = 20k£2 



Current when voltage is reduced to 25 V, 

V 25 25 , 

/ = — = = — x 10^ 3 = 1.25mA 

R 20 x 10 3 20 



Problem 7. What is the resistance of a coil 
which draws a current of (a) 50 mA and 
(b) 200 g A from a 120 V supply? 



V 120 

(a) Resistance R = — — 7 

/ 50 x lO- 3 

120 12000 

= 005 = 5 

= 2400 £2 or 2.4 kft 

120 120 



(b) Resistance R = 



200 x 10- 6 0.0002 



1200000 



Now try the following exercise 






Exercise 6 
Ohm’s law 



Further problems on 



1 The current flowing through a heating element 
is 5 A when a p.d. of 35 V is applied across it. 
Find the resistance of the element. [7 C2] 

2 A 60 W electric light bulb is connected to a 

240 V supply. Determine (a) the current flow- 
ing in the bulb and (b) the resistance of the 
bulb. [(a) 0.25 A (b) 960 £2] 

3 Graphs of current against voltage for two resis- 
tors P and Q are shown in Fig. 2.9 Determine 
the value of each resistor. [2 m£2, 5 mGJ 



= 600 000 £2 



or 600 kft or 0.6 M£2 



Problem 8. The current/voltage relationship 
for two resistors A and B is as shown in 
Fig. 2.8 Determine the value of the 
resistance of each resistor. 



For resistor A, 

V 20 V _ 20 2000 

~ 7 ~ 20 mA ~ 002 ~~ 2 

= 1000 Q or 1 kft 



0 4 8 12 16 20 24 

I Voltage /nV 

Figure 2.9 

4 Determine the p.d. which must be applied to a 
5 k£2 resistor such that a current of 6 mA may 
flow. [30 V] 



For resistor B, 



V _ 16V _ 16 16000 

~ 7 ~ 5 mA ~ 0.005 _ 5 

= 3200 ft or 3.2 kft 



2.9 Conductors and insulators 

A conductor is a material having a low resistance 
which allows electric current to flow in it. All metals 
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are conductors and some examples include copper, 
aluminium, brass, platinum, silver, gold and carbon. 

An insulator is a material having a high resis- 
tance which does not allow electric current to flow in 
it. Some examples of insulators include plastic, rub- 
ber, glass, porcelain, air, paper, cork, mica, ceramics 
and certain oils. 



Problem 10. Calculate the power dissipated 
when a current of 4 mA flows through a 
resistance of 5k£2. 



Power P = f~R = (4 x 10~ 3 ) 2 (5 x 10 3 ) 
= 16 x 10~ 6 x 5 x 10 3 



2.10 Electrical power and energy 



Electrical power 

Power P in an electrical circuit is given by the 
product of potential difference V and current 7, 
as stated in Chapter 1. The unit of power is the 

watt, W. 



Hence 



P — V x I watts 



( 1 ) 



From Ohm’s law, V = IR. Substituting for V in 
equation (1) gives: 



P = (IR) x I 



i.e. 



P — I 2 R watts 



Also, from Ohm’s law, I = V/R. Substituting for I 
in equation (1) gives: 



P = V x 



V 

R 



i.e. 




There are thus three possible formulae which may 
be used for calculating power. 



Problem 9. A 100W electric light bulb is 
connected to a 250 V supply. Determine 

(a) the current flowing in the bulb, and 

(b) the resistance of the bulb. 



= 80 x 10~ 3 

= 0.08 W or 80 mW 

Alternatively, since / = 4x 1 0 3 and R = 5 x 10 3 
then from Ohm’s law, voltage 

V = IR = 4x 10~ 3 x 5 x 10 3 = 20 V 



Hence, 

power P — Vxl — 20x4x 10~ 3 
= 80 mW 



Problem 11. An electric kettle has a 
resistance of 30 C2. What current will flow 
when it is connected to a 240 V supply? Find 
also the power rating of the kettle. 



Current, I = — = = 8 A 

R 30 

Power, P = VI = 240 x 8 = 1920W 

= 1.92 kW = power rating of kettle 



Problem 12. A current of 5 A flows in the 
winding of an electric motor, the resistance 
of the winding being 100 £1 Determine 
(a) the p.d. across the winding, and (b) the 
power dissipated by the coil. 



(a) Potential difference across winding, 



V = IR = 5 x 100 = 500 V 



Power P — V x 7, from which, current 7 = 



V 



100 10 2 

(a) Current 7 = = — = - = 0.4 A 

250 25 5 

V 250 2500 

(b) Resistance R = — — = = 625 £2 

7 0.4 4 



(b) Power dissipated by coil, 

P = 7 2 7? = 5 2 x 100 

= 2500 W or 2.5 kW 

(Alternatively, P — V x I — 500 x 5 

= 2500 W or 2.5 kW) 
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Problem 13. The hot resistance of a 240 V 
filament lamp is 960 £2. Find the current 
taken by the lamp and its power rating. 



From Ohm’s law, 

V 240 

current I = — = 

R 960 

24 1 

= — = -A or 0.25 A 

96 4 

Power rating P —VI — (240) Q) = 60 W 



Problem 16. Electrical equipment in an 
office takes a current of 13 A from a 240 V 
supply. Estimate the cost per week of 
electricity if the equipment is used for 
30 hours each week and 1 kWh of energy 
costs 6p. 



Power = VI watts = 240 x 13 
= 3120 W = 3.12kW 
Energy used per week = power x time 

= (3.12kW) x (30 h) 



Electrical energy 



Electrical energy = power x time 



If the power is measured in watts and the time in 
seconds then the unit of energy is watt-seconds or 
joules. If the power is measured in kilowatts and the 
time in hours then the unit of energy is kilowatt- 
hours, often called the ‘unit of electricity’. The 
‘electricity meter’ in the home records the number 
of kilowatt-hours used and is thus an energy meter. 



Problem 14. A 12 V battery is connected 
across a load having a resistance of 40 £2. 
Determine the current flowing in the load, 
the power consumed and the energy 
dissipated in 2 minutes. 



= 93.6 kWh 

Cost at 6p per kWh = 93.6 x 6 = 561. 6p. Hence 

weekly cost of electricity = £5.62 



Problem 17. An electric heater consumes 
3.6 MJ when connected to a 250 V supply for 
40 minutes. Find the power rating of the 
heater and the current taken from the supply. 



Power = 



energy 



3.6 x 10 6 J 

- (or W) = 1500W 



time 40 x 60 s 
i.e. Power rating of heater = 1.5 kW. 

Power P = VI, 



thus I — — 

V 



1500 

^ 50 " 



= 6 A 



V 12 

Current I = — = — = 0.3 A 
R 40 

Power consumed, P — VI = (12)(0.3) = 3.6 W. 
Energy dissipated = power x time 

= (3.6 W)(2 x 60s) 

= 432 J (sincel J = 1 Ws) 

Problem 15. A source of e.m.f. of 15 V 
supplies a current of 2 A for 6 minutes. How 
much energy is provided in this time? 



Energy = power x time, and power = voltage x 
current. Hence 

energy = Vlt — 15 x 2 x (6 x 60) 



Hence the current taken from the supply is 6 A. 



Problem 18. Determine the power 
dissipated by the element of an electric fire 
of resistance 20 £2 when a current of 10 A 
flows through it. If the fire is on for 6 hours 
determine the energy used and the cost if 
1 unit of electricity costs 6.5p. 



Power P = I 2 R = 10 2 x 20 

= 100 x 20 = 2000 W or 2kW. 
(Alternatively, from Ohm’s law, 

V = IR = 10 x 20 = 200 V, 
hence power 



= 10 800 Ws or J = 10.8 kj P = V x I = 200 x 10 = 2000 W = 2kW). 
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Energy used in 6 hours = power x time = 2 kW x 

6h= 12 kWh. 

1 unit of electricity = 1 kWh; hence the number 
of units used is 12. Cost of energy = 12 x 6.5 = 78p 



Problem 19. A business uses two 3kW 
fires for an average of 20 hours each per 
week, and six 150W lights for 30 hours each 
per week. If the cost of electricity is 6.4p per 
unit, determine the weekly cost of electricity 
to the business. 



Energy = power x time. 

Energy used by one 3kW fire in 20 hours = 
3 kW x 20 h = 60 kWh. 

Hence weekly energy used by two 3kW fires = 
2 x 60 = 120 kWh. 

Energy used by one 150 W light for 30 hours = 
150 W x 30 h = 4500 Wh = 4.5 kWh. 

Hence weekly energy used by six 150 W lamps = 
6 x 4.5 = 27 kWh. 

Total energy used per week = 120 + 27 = 
147 kWh. 

1 unit of electricity = 1 kWh of energy. Thus 
weekly cost of energy at 6.4p per kWh = 6.4 x 
147 = 940. 8p = £9.41. 



Now try the following exercise 



Exercise 7 Further problems on power 
and energy 

1 The hot resistance of a 250 V filament lamp 
is 625 C. Determine the current taken by the 
lamp and its power rating. [0.4 A, 100 W] 

2 Determine the resistance of a coil connected 
to a 150 V supply when a current of 

(a) 75 mA (b) 300 pA flows through it. 

[(a) 2k£2 (b) 0.5MS1] 

3 Determine the resistance of an electric fire 
which takes a current of 12 A from a 240 V 
supply. Find also the power rating of the fire 
and the energy used in 20 h. 

[20 £2, 2.88 kW, 57.6 kWh] 

4 Determine the power dissipated when a cur- 

rent of 10 mA flows through an appliance 
having a resistance of 8 k£2. [0.8 W] 

5 85.5 J of energy are converted into heat in 
9 s. What power is dissipated? [9.5 W] 



6 A current of 4 A flows through a conduc- 
tor and 10W is dissipated. What p.d. exists 
across the ends of the conductor? [2.5 V] 

7 Find the power dissipated when: 

(a) a current of 5 mA flows through a resis- 
tance of 20 k£2 

(b) a voltage of 400 V is applied across a 
1 20 k£> resistor 

(c) a voltage applied to a resistor is lOkV 
and the current flow is 4 mA 

[(a) 0.5 W (b) 1.33 W (c) 40 W] 

8 A battery of e.m.f. 15 V supplies a current of 

2 A for 5 min. How much energy is supplied 
in this time? [9 kJ] 

9 A d.c. electric motor consumes 72 MJ when 
connected to 400 V supply for 2h 30 min. 
Find the power rating of the motor and the 
current taken from the supply. [8 kW, 20 A] 

10 A p.d. of 500 V is applied across the winding 

of an electric motor and the resistance of 
the winding is 50 £2. Determine the power 
dissipated by the coil. [5 kW] 

11 In a household during a particular week three 
2 kW fires are used on average 25 h each and 
eight 100W light bulbs are used on average 
35 h each. Determine the cost of electricity 
for the week if 1 unit of electricity costs 7p. 

[£12.46] 

12 Calculate the power dissipated by the element 
of an electric fire of resistance 30 £2 when 
a current of 10 A flows in it. If the fire 
is on for 30 hours in a week determine the 
energy used. Determine also the weekly cost 
of energy if electricity costs 6.5p per unit. 

[3 kW, 90 kWh, £5.85] 



2.11 Main effects of electric current 

The three main effects of an electric current are: 

(a) magnetic effect 

(b) chemical effect 

(c) heating effect 

Some practical applications of the effects of an 
electric current include: 
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Magnetic effect: bells, relays, motors, genera- 
tors, transformers, telephones, 
car-ignition and lifting magnets 
(see Chapter 8) 

Chemical effect: primary and secondary cells and 
electroplating (see Chapter 4) 

Heating effect: cookers, water heaters, electric 
fires, irons, furnaces, kettles and 
soldering irons 



2.12 Fuses 

A fuse is used to prevent overloading of electrical 
circuits. The fuse, which is made of material having 
a low melting point, utilizes the heating effect of an 
electric current. A fuse is placed in an electrical 
circuit and if the current becomes too large the 
fuse wire melts and so breaks the circuit. A circuit 
diagram symbol for a fuse is shown in Fig. 2.1, on 
page 11. 



Problem 20. If 5 A, 10 A and 13 A fuses 
are available, state which is most appropriate 
for the following appliances which are both 
connected to a 240 V supply: (a) Electric 
toaster having a power rating of 1 kW 
(b) Electric fire having a power rating of 
3kW. 



Power P — VI, from which, current I — — 

V 



(a) For the toaster. 



P 1000 

current I — — — 

V 240 



100 

"24- 



4.17 A 



Hence a 5 A fuse is most appropriate 



(b) For the fire, 



P 3000 

current I = — = 

V 240 



300 

~2A 



= 12.5 A 



Hence a 13 A fuse is most appropriate 



Now try the following exercises 



Exercise 8 Further problem on fuses 

1 A television set having a power rating of 
120 W and electric lawnmower of power rating 
lkW are both connected to a 250 V supply. 
If 3 A, 5 A and 10 A fuses are available 
state which is the most appropriate for each 
appliance. [3 A, 5 A] 



Exercise 9 Short answer questions on the 
introduction to electric circuits 

1 Draw the preferred symbols for the follow- 
ing components used when drawing electrical 
circuit diagrams: 

(a) fixed resistor (b) cell 

(c) filament lamp (d) fuse 

(e) voltmeter 

2 State the unit of 

(a) current 

(b) potential difference 

(c) resistance 

3 State an instrument used to measure 

(a) current 

(b) potential difference 

(c) resistance 

4 What is a multimeter? 

5 State Ohm’s law 

6 Give one example of 

(a) a linear device 

(b) a non-linear device 

7 State the meaning of the following abbrevia- 
tions of prefixes used with electrical units: 
(a) k (b) p (c) m (d) M 

8 What is a conductor? Give four examples 

9 What is an insulator? Give four examples 

10 Complete the following statement: 

‘An ammeter has a . . . resistance and must 
be connected . . . with the load’ 

1 1 Complete the following statement: 

‘A voltmeter has a . . . resistance and must be 
connected . . . with the load’ 

12 State the unit of electrical power. State three 
formulae used to calculate power 
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13 State two units used for electrical energy 

14 State the three main effects of an electric 
current and give two examples of each 

15 What is the function of a fuse in an electrical 
circuit? 



Exercise 10 Multi-choice problems on the 
introduction to electric circuits (Answers on 
page 375) 

1 60 ps is equivalent to: 

(a) 0.06 s (b) 0.00006 s 

(c) 1000 minutes (d) 0.6 s 

2 The current which flows when 0. 1 coulomb 
is transferred in 10 ms is: 

(a) 1 A (b) 10 A 

(c) 10 mA (d) 100mA 

3 The p.d. applied to a 1 k£2 resistance in order 
that a current of 1 00 u A may flow is: 

(a) IV (b) 100 V (c) 0.1 V (d) 10 V 

4 Which of the following formulae for electri- 
cal power is incorrect? 

(a) VI (b) y (c) f-R (d) Y- 

1 K 

5 The power dissipated by a resistor of 4 £2 

when a current of 5 A passes through it is: 
(a) 6.25 W (b) 20 W " 

(c) 80 W (d) 100W 

6 Which of the following statements is true? 

(a) Electric current is measured in volts 

(b) 200 k£2 resistance is equivalent to 2MST 

(c) An ammeter has a low resistance and 
must be connected in parallel with a 
circuit 



(d) An electrical insulator has a high resis- 
tance 

7 A current of 3 A flows for 50 h through a 6 f? 
resistor. The energy consumed by the resistor 
is: 

(a) 0.9 kWh (b) 2.7 kWh 

(c) 9 kWh (d) 27 kWh 

8 What must be known in order to calculate the 
energy used by an electrical appliance? 

(a) voltage and current 

(b) current and time of operation 

(c) power and time of operation 

(d) current and resistance 

9 Voltage drop is the: 

(a) maximum potential 

(b) difference in potential between two points 

(c) voltage produced by a source 

(d) voltage at the end of a circuit 

10 A 240 V, 60 W lamp has a working resistance 
of: 

(a) 1400 ohm (b) 60 ohm 

(c) 960 ohm (d) 325 ohm 

11 The largest number of 100W electric light 
bulbs which can be operated from a 240 V 
supply fitted with a 13 A fuse is: 

(a) 2 (b) 7 (c) 31 (d) 18 

12 The energy used by a 1.5 kW heater in 
5 minutes is: 

(a) 5J (b) 450 J 

(c) 7500 J (d) 450 000 J 

13 When an atom loses an electron, the atom: 

(a) becomes positively charged 

(b) disintegrates 

(c) experiences no effect at all 

(d) becomes negatively charged 
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3 

Resistance variation 



At the end of this chapter you should be able to: 

• appreciate that electrical resistance depends on four factors 

• appreciate that resistance R — pi / a , where p is the resistivity 

• recognize typical values of resistivity and its unit 

• perform calculations using R = pi /a 

• define the temperature coefficient of resistance, a 

• recognize typical values for a 

• perform calculations using Rg — R 0 (l + aO) 

• determine the resistance and tolerance of a fixed resistor from its colour code 

• determine the resistance and tolerance of a fixed resistor from its letter and digit 
code 



3.1 Resistance and resistivity 



symbol p (Greek rho). Thus, 



The resistance of an electrical conductor depends on 
four factors, these being: (a) the length of the con- 
ductor, (b) the cross-sectional area of the conductor, 
(c) the type of material and (d) the temperature of 
the material. Resistance, R, is directly proportional 
to length, l, of a conductor, i.e. R oc /. Thus, for 
example, if the length of a piece of wire is doubled, 
then the resistance is doubled. 

Resistance, R, is inversely proportional to cross- 
sectional area, a, of a conductor, i.e. R oc 1 /a. Thus, 
for example, if the cross-sectional area of a piece of 
wire is doubled then the resistance is halved. 

Since R oc / and R oc 1/a then R oc l /a. By 
inserting a constant of proportionality into this rela- 
tionship the type of material used may be taken into 
account. The constant of proportionality is known 
as the resistivity of the material and is given the 



resistance 



pi 

R — — ohms 
a 



p is measured in ohm metres (f2m). The value of 
the resistivity is that resistance of a unit cube of 
the material measured between opposite faces of the 
cube. 

Resistivity varies with temperature and some typ- 
ical values of resistivities measured at about room 
temperature are given below: 



Copper 1.7 x 10~ 8 STm (or 0.017 pGm) 
Aluminium 2.6 x 10 -8 G m (or 0.026 pG m) 
Carbon (graphite) 10 x 10~ 8 £2m (O.lOpGm) 
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Glass 1 x 10 1() Gm (or 10 4 |rGm) 



(b) When the resistance is 750 G then 



Mica 1 x 10° Gnr (or 10 7 pGm) 

Note that good conductors of electricity have a low 
value of resistivity and good insulators have a high 
value of resistivity. 



Problem 1 . The resistance of a 5 nr length 
of wire is 600 G. Determine (a) the 
resistance of an 8 m length of the same wire, 
and (b) the length of the same wire when the 
resistance is 420 G. 



(a) Resistance, R, is directly proportional to length, 
l, i.e. R oc 1. Hence, 600 G oc 5 m or 
600 = (k)( 5), where k is the coefficient of 
proportionality. 

600 

Hence, k — — — = 120 

When the length / is 8 m, then resistance 
R = kl = (120X8) = 960 G 

(b) When the resistance is 420 G, 420 = kl, from 
which, 

420 420 

length 1 = = = 3.5 m 

& k 120 



Problem 2. A piece of wire of 
cross-sectional area 2 mm 2 has a resistance 
of 300 G. Find (a) the resistance of a wire of 
the same length and material if the 
cross-sectional area is 5 mm 2 , (b) the 
cross-sectional area of a wire of the same 
length and material of resistance 750 G. 



Resistance R is inversely proportional to cross- 
sectional area, a, i.e. R oc l /a 

Hence 300 G oc ^mm 2 or 300 = (k)(j), 

from which, the coefficient of proportionality, k — 
300 x 2 = 600 

(a) When the cross-sectional area a — 5 mm 2 then 

R = (*)(£) 

= (600)(±) = 120 G 

(Note that resistance has decreased as the cross- 
sectional is increased.) 



750 = (k) - 
\a 

from which 



k 600 

cross-sectional area, a — = 

750 750 

= 0.8 mm 2 

Problem 3. A wire of length 8 m and 
cross-sectional area 3 mm 2 has a resistance 
of 0.16 G. If the wire is drawn out until its 
cross-sectional area is 1 mm 2 , determine the 
resistance of the wire. 



Resistance R is directly proportional to length l, and 
inversely proportional to the cross-sectional area, a, 
i.e. 

R oc l /a or R — k(l /a), where k is the coefficient 
of proportionality. 

Since R = 0.16, / = 8 and a — 3, then 0.16 = 
{k)( 8/3), from which k = 0.16 x 3/8 = 0.06 

If the cross-sectional area is reduced to 1/3 of its 
original area then the length must be tripled to 3 x 8, 
i.e. 24 m 



New resistance R = k 




0.06 




= 1.44 G 



Problem 4. Calculate the resistance of a 
2 km length of aluminium overhead power 
cable if the cross-sectional area of the cable 
is 100 mm 2 . Take the resistivity of 
aluminium to be 0.03 x 10“ 6 G nr. 



Length l — 2 km = 2000 m, area a — 100 mm 2 = 
100 x 10~ 6 m 2 and resistivity p — 0.03 x 10~ 6 Gm. 

pi 

Resistance R — — 
a 



(0.03 x 10~ 6 G m)(2000 m) 
(100 x 10“ 6 m 2 ) 

0.03 x 2000 



100 



G = 0.6 G 



Problem 5. Calculate the cross-sectional 
area, in mm 2 , of a piece of copper wire, 
40 m in length and having a resistance of 
0.25 G. Take the resistivity of copper as 
0.02 x 10~ 6 G m. 
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Resistance R = pi /a hence cross-sectional area 



pi (0.02 x 10 6 £2 m)(40 m) 

° ~ ~R ~ 0.25 £2 

= 3.2 x 10“ 6 m 2 

= (3.2 x 10~ 6 ) x 10 6 mm 2 = 3.2 mm 2 



Problem 6. The resistance of 1.5 km of 
wire of cross-sectional area 0.17 mm 2 is 
150 £2. Determine the resistivity of the wire. 



Resistance, R — pi /a hence 



Ra 

resistivity p — — 



(150£2)(0.17 x 10- 6 m 2 ) 
~ (1500m) 

= 0.017 x 10" 6 £2m 
or 0.017 p£2 m 



Problem 7. Determine the resistance of 
1200 m of copper cable having a diameter of 
12 mm if the resistivity of copper is 
1.7 x 10 -8 £2m. 



Cross-sectional area of cable, 



a = 7i r =n 






— 367rmm 2 = 367r x 10 6 m 2 



Exercise 11 Further problems on 

resistance and resistivity 

1 The resistance of a 2m length of cable is 
2.5 ST. Determine (a) the resistance of a 7 m 
length of the same cable and (b) the length of 
the same wire when the resistance is 6.25 ST. 

[(a) 8.75 £2 (b) 5 m] 

2 Some wire of cross-sectional area 1 mm 2 has 
a resistance of 20 ST. 

Determine (a) the resistance of a wire of the 
same length and material if the cross-sectional 
area is 4 mm 2 , and (b) the cross-sectional area 
of a wire of the same length and material if 
the resistance is 32 ST 

[(a) 5 £2 (b) 0.625 mm 2 ] 

3 Some wire of length 5 m and cross-sectional 
area 2 mm 2 has a resistance of 0.08 £2. If the 
wire is drawn out until its cross-sectional area 
is 1 nmr, determine the resistance of the wire. 

[0.32 £2] 

4 Find the resistance of 800 m of copper cable 

of cross-sectional area 20 mm 2 . Take the resis- 
tivity of copper as 0.02 p£2 m [0.8 £2] 

5 Calculate the cross-sectional area, in mm 2 , of 
a piece of aluminium wire 100 m long and 
having a resistance of 2 £2. Take the resistivity 
of aluminium as 0.03 x 10 6 £2 m [1.5 mm 2 ] 

6 The resistance of 500 m of wire of cross- 
sectional area 2.6 mm 2 is 5 £2. Determine the 
resistivity of the wire in p£2 m 

[0.026 p£2m] 

7 Find the resistance of 1 km of copper cable 

having a diameter of 10 mm if the resistivity 
of copper is 0.017 x 10“ 6 £2m [0.216 £2] 



Resistance R — — 
a 



(1.7 x 10 -8 £2 m)(1200m) 
(36n x 10~ 6 m 2 ) 

1.7 x 1200 x 10 6 

s £2 

10 8 x 36 tt 



1.7 x 12 



£2 = 0.180 £2 



Now try the following exercise 



3.2 Temperature coefficient of 
resistance 

In general, as the temperature of a material 
increases, most conductors increase in resistance, 
insulators decrease in resistance, whilst the 
resistance of some special alloys remain almost 
constant. 

The temperature coefficient of resistance of a 

material is the increase in the resistance of a 1 £2 
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resistor of that material when it is subjected to a 
rise of temperature of 1°C. The symbol used for 
the temperature coefficient of resistance is a (Greek 
alpha). Thus, if some copper wire of resistance 1 £2 
is heated through 1°C and its resistance is then mea- 
sured as 1.0043 £2 then a = 0.0043 £2/£2°C for cop- 
per. The units are usually expressed only as ‘per 
°C\ i.e. a = 0.0043/°C for copper. If the 1 £2 
resistor of copper is heated through 100°C then the 
resistance at 100°C would be 1 + 100 x 0.0043 = 
1 .43 £2 Some typical values of temperature coef- 
ficient of resistance measured at 0°C are given 
below: 



Copper 

Nickel 

Constantan 

Aluminium 

Carbon 

Eureka 



0.0043/°C 

0.0062/°C 

0 

0.0038/°C 
— 0.00048/°C 
0.00001/°C 



(Note that the negative sign for carbon indicates 
that its resistance falls with increase of temperature. ) 
If the resistance of a material at 0°C is known 
the resistance at any other temperature can be deter- 
mined from: 



Re — ^o(l + oa,)9) 



where R 0 — resistance at 0°C 

Rg — resistance at temperature O C 
a 0 — temperature coefficient of resistance 
at 0°C 



Problem 8. A coil of copper wire has a 
resistance of 100 £2 when its temperature is 
0°C. Determine its resistance at 70°C if the 
temperature coefficient of resistance of 
copper at 0°C is 0.0043/°C. 



Resistance Rg — Rod + a 0 9). Hence resistance at 
100°C, 

Rioo = 100[1 + (0.0043)(70)] 

= 100[1 + 0.301] 

= 100(1.301 ) = 130.1 £2 



Problem 9. An aluminium cable has a 
resistance of 27 £2 at a temperature of 35°C. 
Determine its resistance at 0°C. Take the 
temperature coefficient of resistance at 0°C 
to be 0.0038/°C. 



Resistance at 9° C, Rg = Ro(l + ao 9). Hence resis- 
tance at 0°C, 



Ro 



Rg 27 

(1 +a 0 9) ~ [1 + (0.0038X35)] 
27 

= 1+0.133 
27 

= = 23.83 £2 

1.133 



Problem 10. A carbon resistor has a 
resistance of 1 k£2 at 0°C. Determine its 
resistance at 80°C. Assume that the 
temperature coefficient of resistance for 
carbon at 0°C is -0.0005/T. 



Resistance at temperature 9° C, 

Rg — Ro(l + o/q9) 
i.e. 

Rg = 1000[1 + (— 0.0005)(80)] 

= 1000[1 - 0.040] = 1000(0.96) = 960 £2 



If the resistance of a material at room tempera- 
ture (approximately 20°C), Rio, and the temperature 
coefficient of resistance at 20°C, « 20 , are known then 
the resistance Rg at temperature 0 C is given by: 



fl„ = .ff 2 «[l + a 2 o(0-2O)] 



Problem 11. A coil of copper wire has a 
resistance of 10 £2 at 20° C. If the temperature 
coefficient of resistance of copper at 20°C is 
0.004/°C determine the resistance of the coil 
when the temperature rises to 100°C. 



Resistance at 9° C, 



Rg — R 20 [1 + <*2o (9 ~ 20)] 
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Hence resistance at 100°C, 

Rum = 10[1 + (0.004)(100 - 20)] 
= 10[1 + (0.004)(80)] 

= 10[1 + 0.32] 

= 10(1.32) = 13.2 £2 



Problem 13. Some copper wire has a 
resistance of 200 £2 at 20°C. A current is 
passed through the wire and the temperature 
rises to 90°C. Determine the resistance of the 
wire at 90°C, correct to the nearest ohm, 
assuming that the temperature coefficient of 
resistance is 0.004/°C at 0°C. 



Problem 12. The resistance of a coil of 
aluminium wire at 18°C is 200 £2. The 
temperature of the wire is increased and the 
resistance rises to 240 £2. If the temperature 
coefficient of resistance of aluminium is 
0.0039/°C at 18°C determine the temperature 
to which the coil has risen. 



Let the temperature rise to 9° C. Resistance at 9° C, 
Re = Ris[l + ori8(0 _ 18)] 
i.e. 

240 = 200 [1 + (0.0039)09 - 18)] 

240 = 200 + (200X0.0039)09 - 18) 
240 — 200 = 0.78(0 — 18) 

40 = 0.78(0- 18) 



R 20 = 200 £2, a 0 = 0.004/°C 

R 20 _ fl + <*o(20)] 

R 90 _ fl + (*0(90)] 



Hence 



Ran = 



*2o[l + 90ao] 
[l+20a 0 ] 

200(1 +90(0.004)] 
[1 +20(0.004)] 
200[l+0.36] 
[1+0.08] 

200(1.36) _ „ 



(1.08) 



= 251.85 £2 



i.e. the resistance of the wire at 90°C is 252 £2, 

correct to the nearest ohm 



51.28 = 9 — 18, from which, 

0 = 51.28+ 18 = 69.28°C 

Hence the temperature of the coil increases to 
69.28 C 



If the resistance at 0°C is not known, but is known 
at some other temperature 6\, then the resistance at 
any temperature can be found as follows: 

R 1 = Ro(l + <*o0i ) 
and R 2 — Ro(l + <*o02) 

Dividing one equation by the other gives: 




where R 2 = resistance at temperature 0 2 



Now try the following exercises 



Exercise 12 Further problems on the 

temperature coefficient of resistance 

1 A coil of aluminium wire has a resistance of 

50 £2 when its temperature is 0°C. Determine 
its resistance at 100°C if the temperature coef- 
ficient of resistance of aluminium at 0°C is 
0.0038/°C [69 £2] 

2 A copper cable has a resistance of 30 £2 at 
a temperature of 50°C. Determine its resis- 
tance at 0°C. Take the temperature coefficient 
of resistance of copper at 0°C as 0.0043/°C 

[24.69 £2] 

3 The temperature coefficient of resistance for 

carbon at 0°C is — 0.00048/°C. What is the 
significance of the minus sign? A carbon resis- 
tor has a resistance of 500 £2 at 0°C. Determine 
its resistance at 50°C. [488 £2] 
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4 A coil of copper wire has a resistance of 

20 £2 at 18°C. If the temperature coefficient 
of resistance of copper at 18°C is 0.004/°C, 
determine the resistance of the coil when the 
temperature rises to 98°C [26.4 £2] 

5 The resistance of a coil of nickel wire at 
20° C is 100 £2. The temperature of the wire 
is increased and the resistance rises to 130 ^2. 
If the temperature coefficient of resistance of 
nickel is 0.006/°C at 20°C, determine the 
temperature to which the coil has risen. 

[70°C] 

6 Some aluminium wire has a resistance of 50 £2 
at 20° C. The wire is heated to a temperature 
of 100°C. Determine the resistance of the 
wire at 100°C, assuming that the temperature 
coefficient of resistance at 0°C is 0.004/°C 

[64.8 £2] 

7 A copper cable is 1 .2 km long and has a cross- 

sectional area of 5 mm 2 . Find its resistance at 
80°C if at 20°C the resistivity of copper is 
0.02 x 1 0 6 £2 m and its temperature coefficient 
of resistance is 0.004/°C [5.95 £2] 



3.3 Resistor colour coding and ohmic 
values 



(a) Colour code for fixed resistors 

The colour code for fixed resistors is given in 
Table 3.1 

(i) For a four-band fixed resistor (i.e. resistance 
values with two significant figures): 

yellow- violet-orange-red indicates 47 k £2 with 
a tolerance of ±2% 

(Note that the first band is the one nearest the 
end of the resistor) 

(ii) For a five-band fixed resistor (i.e. resistance 
values with three significant figures): red- 
yellow-white-orange-brown indicates 249 k £2 
with a tolerance of ±1% 

(Note that the fifth band is 1.5 to 2 times wider 
than the other bands) 



Table 3.1 



Colour 


Significant 

Figures 


Multiplier 


Tolerance 


Silver 


— 


1(T 2 


±10% 


Gold 


— 


10" 1 


±5% 


Black 


0 


1 


- 


Brown 


1 


10 


±1% 


Red 


2 


10 2 


±2% 


Orange 


3 


10 3 


- 


Yellow 


4 


10 4 


- 


Green 


5 


10 5 


±0.5% 


Blue 


6 


10 6 


±0.25% 


Violet 


7 


10 7 


±0.1% 


Grey 


8 


10 8 


- 


White 


9 


10 9 


- 


None 


- 


- 


±20% 



Problem 14. Determine the value and 
tolerance of a resistor having a colour coding 
of: orange-orange-silver-brown. 



The first two bands, i.e. orange-orange, give 33 from 
Table 3.1 

The third band, silver, indicates a multiplier of 
10 2 from Table 3.1, which means that the value of 
the resistor is 33 x 10~ 2 = 0.33 £2 

The fourth band, i.e. brown, indicates a tolerance 
of ±1% from Table 3.1 Hence a colour coding of 
orange-orange-silver-brown represents a resistor of 
value 0.33 £2 with a tolerance of ±1% 



Problem 15. Determine the value and 
tolerance of a resistor having a colour coding 
of: brown-black-brown. 



The first two bands, i.e. brown-black, give 10 from 
Table 3.1 

The third band, brown, indicates a multiplier of 
10 from Table 3.1, which means that the value of 
the resistor isl0xl0=100£2 

There is no fourth band colour in this case; hence, 
from Table 3.1, the tolerance is ±20% Hence a 
colour coding of brown-black-brown represents a 
resistor of value 100 £2 with a tolerance of ±20% 



Problem 16. Between what two values 
should a resistor with colour coding 
brown-black-brown-silver lie? 
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From Table 3.1, brown-black-brown-silver indicates 
10 x 10, i.e. 100 ft, with a tolerance of ±10% 

This means that the value could lie between 

(100- 10% of 100) ft 
and (100 + 10% of 100) ft 

i.e. brown-black-brown-silver indicates any value 

between 90 ft and 110 ft 



Problem 17. Determine the colour coding 
for a 47 k ft having a tolerance of ±5%. 



From Table 3.1, 47 k ft = 47 x 10 3 has a colour 
coding of yellow-violet-orange. With a tolerance of 
±5%, the fourth band will be gold. 

Hence 47 k ft ± 5% has a colour coding of: yellow- 
violet-orange-gold . 



Problem 18. Determine the value and 
tolerance of a resistor having a colour coding 
of: orange-green-red-yellow-brown. 



orange-green-red-yellow-brown is a five-band fixed 
resistor and from Table 3.1, indicates: 352 x 10 4 ft 
with a tolerance of ±1% 

352 x 10 4 ft = 3.52 x 10 6 ft, i.e. 3.52 M ft 
Hence orange-green-red-yellow-brown indicates 
3.52M ft ± 1% 



(b) Letter and digit code for resistors 

Another way of indicating the value of resistors is 
the letter and digit code shown in Table 3.2 



Table 3.2 



Resistance 

Value 


Marked as: 


0.47 ft 


R47 


1 ft 


1R0 


4.7 ft 


4R7 


47 ft 


47R 


100 ft 


100R 


1 kft 


1K0 


lOkft 


10 K 


10M ft 


10M 



Tolerance is indicated as follows: F — ±1%, 
G = ±2%, J = ±5%, K = ±10% and M = ±20% 
Thus, for example, 

R33M = 0.33 ft ± 20% 

4R7K = 4.7 ft ± 10% 

390RJ = 390 ft ± 5% 



Problem 19. Determine the value of a 
resistor marked as 6K8F. 



From Table 3.2, 6K8F is equivalent to: 6.8 k ft±l% 



Problem 20. Determine the value of a 
resistor marked as 4M7M. 



From Table 3.2, 4M7M is equivalent to: 4.7 M ft 

± 20 % 



Problem 21. Determine the letter and digit 
code for a resistor having a value of 
68kft ± 10%. 



From Table 3.2, 68 k ft ± 10% has a letter and digit 
code of: 68 KK 



Now try the following exercises 



Exercise 13 Further problems on resistor 
colour coding and ohmic values 

1 Determine the value and tolerance of a resis- 

tor having a colour coding of: blue-grey- 
orange-red [68 k ft ± 2%] 

2 Determine the value and tolerance of a resis- 

tor having a colour coding of: yellow-violet- 
gold " " [4.7 ft ± 20%1 

3 Determine the value and tolerance of a resis- 

tor having a colour coding of: blue- white- 
black-black-gold [690 ft ± 5%] 

4 Determine the colour coding for a 5 1 k ft 
resistor having a tolerance of ±2% 

[green-brown-orange-red] 






More Books Visit : www.iqbalkalmati.blogspot.com 

28 ELECTRICAL AND ELECTRONIC PRINCIPLES AND TECHNOLOGY 



8 A colour coding of red- violet-black on a resis- 
tor indicates a value of: 

(a) 27 £2 ± 20% (b) 270 Q 

(c) 270 £2 ± 20% (d) 27 £2 ± 10% 
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4 

Chemical effects of electricity 



At the end of this chapter you should be able to: 

• understand electrolysis and its applications, including electroplating 

• appreciate the purpose and construction of a simple cell 

• explain polarisation and local action 

• explain corrosion and its effects 

• define the terms e.m.f., E, and internal resistance, r, of a cell 

• perform calculations using V = E — Ir 

• determine the total e.m.f. and total internal resistance for cells connected in series 
and in parallel 

• distinguish between primary and secondary cells 

• explain the construction and practical applications of the Leclanche, mercury, 
lead -acid and alkaline cells 

• list the advantages and disadvantages of alkaline cells over lead-acid cells 

• understand the term ‘cell capacity’ and state its unit 



4.1 Introduction 

A material must contain charged particles to be 
able to conduct electric current. In solids, the current 
is carried by electrons. Copper, lead, aluminium, 
iron and carbon are some examples of solid con- 
ductors. In liquids and gases, the current is carried 
by the part of a molecule which has acquired an 
electric charge, called ions. These can possess a 
positive or negative charge, and examples include 
hydrogen ion H + , copper ion Cu ++ and hydroxyl 
ion OH - . Distilled water contains no ions and is 
a poor conductor of electricity, whereas salt water 
contains ions and is a fairly good conductor of 
electricity. 



4.2 Electrolysis 

Electrolysis is the decomposition of a liquid com- 
pound by the passage of electric current through 
it. Practical applications of electrolysis include the 
electroplating of metals (see Section 4.3), the refin- 
ing of copper and the extraction of aluminium from 
its ore. 

An electrolyte is a compound which will undergo 
electrolysis. Examples include salt water, copper 
sulphate and sulphuric acid. 

The electrodes are the two conductors carrying 
current to the electrolyte. The positive-connected 
electrode is called the anode and the negative- 
connected electrode the cathode. 
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When two copper wires connected to a battery are 
placed in a beaker containing a salt water solution, 
current will flow through the solution. Air bubbles 
appear around the wires as the water is changed into 
hydrogen and oxygen by electrolysis. 



4.3 Electroplating 

Electroplating uses the principle of electrolysis to 
apply a thin coat of one metal to another metal. 
Some practical applications include the tin-plating of 
steel, silver-plating of nickel alloys and chromium- 
plating of steel. If two copper electrodes connected 
to a battery are placed in a beaker containing copper 
sulphate as the electrolyte it is found that the cathode 
(i.e. the electrode connected to the negative terminal 
of the battery) gains copper whilst the anode loses 
copper. 



4.4 The simple cell 

The purpose of an electric cell is to convert chem- 
ical energy into electrical energy. 

A simple cell comprises two dissimilar conduc- 
tors (electrodes) in an electrolyte. Such a cell is 
shown in Fig. 4.1, comprising copper and zinc elec- 
trodes. An electric current is found to flow between 
the electrodes. Other possible electrode pairs exist, 
including zinc-lead and zinc-iron. The electrode 
potential (i.e. the p.d. measured between the elec- 
trodes) varies for each pair of metals. By knowing 
the e.m.f. of each metal with respect to some stan- 
dard electrode, the e.m.f. of any pair of metals may 
be determined. The standard used is the hydrogen 
electrode. The electrochemical series is a way of 
listing elements in order of electrical potential, and 
Table 4.1 shows a number of elements in such a 
series. 




Table 4.1 Part of the 
electrochemical series 



Potassium 

sodium 

aluminium 

zinc 

iron 

lead 

hydrogen 

copper 

silver 

carbon 



In a simple cell two faults exist - those due to 

polarisation and local action. 

Polarisation 

If the simple cell shown in Fig. 4. 1 is left connected 
for some time, the current I decreases fairly rapidly. 
This is because of the formation of a film of hydro- 
gen bubbles on the copper anode. This effect is 
known as the polarisation of the cell. The hydrogen 
prevents full contact between the copper electrode 
and the electrolyte and this increases the internal 
resistance of the cell. The effect can be overcome by 
using a chemical depolarising agent or depolariser, 
such as potassium dichromate which removes the 
hydrogen bubbles as they form. This allows the cell 
to deliver a steady current. 

Local action 

When commercial zinc is placed in dilute sulphuric 
acid, hydrogen gas is liberated from it and the zinc 
dissolves. The reason for this is that impurities, such 
as traces of iron, are present in the zinc which set up 
small primary cells with the zinc. These small cells 
are short-circuited by the electrolyte, with the result 
that localised currents flow causing corrosion. This 
action is known as local action of the cell. This may 
be prevented by rubbing a small amount of mercury 
on the zinc surface, which forms a protective layer 
on the surface of the electrode. 

When two metals are used in a simple cell the 
electrochemical series may be used to predict the 
behaviour of the cell: 

(i) The metal that is higher in the series acts as the 
negative electrode, and vice-versa. For example, 
the zinc electrode in the cell shown in Fig. 4.1 
is negative and the copper electrode is positive. 
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(ii) The greater the separation in the series between 
the two metals the greater is the e.m.f. produced 
by the cell. 

The electrochemical series is representative of 
the order of reactivity of the metals and their 
compounds: 

(i) The higher metals in the series react more 
readily with oxygen and vice-versa. 

(ii) When two metal electrodes are used in a simple 
cell the one that is higher in the series tends to 
dissolve in the electrolyte. 



4.5 Corrosion 

Corrosion is the gradual destruction of a metal in a 
damp atmosphere by means of simple cell action. 
In addition to the presence of moisture and air 
required for rusting, an electrolyte, an anode and 
a cathode are required for corrosion. Thus, if metals 
widely spaced in the electrochemical series, are used 
in contact with each other in the presence of an 
electrolyte, corrosion will occur. For example, if a 
brass valve is fitted to a heating system made of 
steel, corrosion will occur. 

The effects of corrosion include the weakening 
of structures, the reduction of the life of components 
and materials, the wastage of materials and the 
expense of replacement. 

Corrosion may be prevented by coating with 
paint, grease, plastic coatings and enamels, or by 
plating with tin or chromium. Also, iron may be 
galvanised, i.e., plated with zinc, the layer of zinc 
helping to prevent the iron from corroding. 



4.6 E.m.f. and internal resistance of a 
cell 

The electromotive force (e.m.f.), E , of a cell is the 
p.d. between its terminals when it is not connected 
to a load (i.e. the cell is on ‘no load’). 

The e.m.f. of a cell is measured by using a high 
resistance voltmeter connected in parallel with the 
cell. The voltmeter must have a high resistance 
otherwise it will pass current and the cell will not 
be on ‘no-load'. For example, if the resistance of a 
cell is 1 C2 and that of a voltmeter 1 MQ then the 
equivalent resistance of the circuit is 1 MF> + 1 Q, 
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i.e. approximately 1 MF>, hence no current flows and 
the cell is not loaded. 

The voltage available at the terminals of a cell 
falls when a load is connected. This is caused by 
the internal resistance of the cell which is the 
opposition of the material of the cell to the flow of 
current. The internal resistance acts in series with 
other resistances in the circuit. Figure 4.2 shows a 
cell of e.m.f. E volts and internal resistance, r, and 
XY represents the terminals of the cell. 



E 




R 



Figure 4.2 

When a load (shown as resistance R ) is not 
connected, no current flows and the terminal p.d., 
V — E. When R is connected a current I flows 
which causes a voltage drop in the cell, given by 
Ir. The p.d. available at the cell terminals is less 
than the e.m.f. of the cell and is given by: 




Thus if a battery of e.m.f. 12 volts and internal 
resistance 0.01 ^2 delivers a current of 100 A, the 
terminal p.d., 

V = 12 — (100)(0.01) 

= 12- 1 = 11V 

When different values of potential difference V 
across a cell or power supply are measured for 
different values of current /, a graph may be plotted 
as shown in Fig. 4.3 Since the e.m.f. E of the cell 
or power supply is the p.d. across its terminals on 
no load (i.e. when I — 0), then E is as shown by 
the broken line. 

Since V = E — Ir then the internal resistance may 
be calculated from 




When a current is flowing in the direction shown 
in Fig. 4.2 the cell is said to be discharging 

(E > V). 
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When a current flows in the opposite direction to 
that shown in Fig. 4.2 the cell is said to be charging 
(V > E). 

A battery is a combination of more than one cell. 
The cells in a battery may be connected in series or 
in parallel. 

(i) For cells connected in series: 

Total e.m.f. = sum of cell's e.m.f.s 

Total internal resistance = sum of cell’s internal 

resistances 

(ii) For cells connected in parallel: 

If each cell has the same e.m.f. and internal 
resistance: 

Total e.m.f. = e.m.f. of one cell 
Total internal resistance of n cells 

1 

= — x internal resistance of one cell 
n 



Problem 1. Eight cells, each with an 
internal resistance of 0.2 £2 and an e.m.f. of 
2.2 V are connected (a) in series, (b) in 
parallel. Determine the e.m.f. and the internal 
resistance of the batteries so formed. 



(a) When connected in series, total e.m.f 

= sum of cell’s e.m.f. 

= 2.2x8 = 17.6 V 
Total internal resistance 
= sum of cell’s internal resistance 
= 0.2 x 8 = 1.6 £2 

(b) When connected in parallel, total e.m.f 
= e.m.f. of one cell 

= 2.2 V 



Total internal resistance of 8 cells 
1 

= - x internal resistance of one cell 
8 

1 

= - x 0.2 = 0.025 £2 

8 



Problem 2. A cell has an internal resistance 
of 0.02 £2 and an e.m.f. of 2.0 V. Calculate its 
terminal p.d. if it delivers (a) 5 A (b) 50 A. 



(a) Terminal p.d. V — E — Ir where E = e.m.f. 
of cell, 7 = current flowing and r — internal 
resistance of cell 

E = 2.0 V, 1 = 5 A and r = 0.02 £2 
Hence terminal p.d. 

V = 2.0 - (5)(0.02) = 2.0 - 0.1 = 1.9 V 

(b) When the current is 50 A, terminal p.d., 

V = E - Ir = 2.0- 50(0.02) 

i.e. V = 2.0- 1.0= 1.0 V 

Thus the terminal p.d. decreases as the current 
drawn increases. 



Problem 3. The p.d. at the terminals of a 
battery is 25 V when no load is connected 
and 24 V when a load taking 10 A is 
connected. Determine the internal resistance 
of the battery. 



When no load is connected the e.m.f. of the battery, 
E, is equal to the terminal p.d., V, i.e. E = 25 V 
When current I = 10 A and terminal p.d. 

V = 24 V, then V = E - Ir 
i.e. 24 = 25 - (10)r 

Hence, rearranging, gives 
lOr = 25 - 24 = 1 
and the internal resistance, 

1 

r = — = 0.1 £2 
10 
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Problem 4. Ten 1.5 V cells, each having an 
internal resistance of 0.2 £2, are connected in 
series to a load of 58 £2. Determine (a) the 
current flowing in the circuit and (b) the p.d. 
at the battery terminals. 



(a) For ten cells, battery e.m.f., E — 10 x 1.5 = 
15 V, and the total internal resistance, r — 
10 x 0.2 = 2 £2. When connected to a 58 £2 load 
the circuit is as shown in Fig. 4.4 

_ e.m.f. 

Current I — 

total resistance 

15 

“ 58 + 2 



15 

= — = 0.25 A 
60 



E=15 V -= 
r= 2Cl == 



Figure 4.4 




Load 
R = 58 n 
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3 The p.d. at the terminals of a battery is 16 V 
when no load is connected and 14 V when a 
load taking 8 A is connected. Determine the 
internal resistance of the battery. [0.25 £2] 

4 A battery of e.m.f. 20 V and internal resis- 

tance 0.2 £2 supplies a load taking 10 A. Deter- 
mine the p.d. at the battery terminals and the 
resistance of the load. [18 V, 1.8 £2] 

5 Ten 2.2 V cells, each having an internal resis- 

tance of 0. 1 £2 are connected in series to a 
load of 21 £2. Determine (a) the current flow- 
ing in the circuit, and (b) the p.d. at the battery 
terminals [(a) 1 A (b) 21V] 

6 For the circuits shown in Fig. 4.5 the resistors 
represent the internal resistance of the batter- 
ies. Find, in each case: 

(i) the total e.m.f. across PQ 

(ii) the total equivalent internal resistances of 
the batteries. 

[(i) (a) 6 V (b) 2 V (ii) (a) 4 £2 (b) 0.25 £2] 



5 V 

i n i 



(b) P.d. at battery terminals, V = E — Ir 
i.e. V= 15- (0.25)(2) = 14.5 V 



Now try the following exercise 



1— 

2 V 

1 


1 1 O ^ 


r“ 

2 V 

1— 


^ i a ^ 



Exercise 16 Further problems on e.m.f. 

and internal resistance of a cell 

1 Twelve cells, each with an internal resistance 
of 0.24 £2 and an e.m.f. of 1.5 V are connected 
(a) in series, (b) in parallel. Determine the 
e.m.f. and internal resistance of the batteries so 
formed. 

[(a) 18 V, 2.88 £2 (b) 1.5 V, 0.02 £2] 

2 A cell has an internal resistance of 0.03 £2 and 
an e.m.f. of 2.2 V. Calculate its terminal p.d. 
if it delivers 

(a) 1 A, (b) 20 A, (c) 50 A 

[(a) 2.17 V (b) 1.6 V (c) 0.7 V] 



Figure 4.5 



7 The voltage at the terminals of a battery is 
52 V when no load is connected and 48.8 V 
when a load taking 80 A is connected. Find the 
internal resistance of the battery. What would 
be the terminal voltage when a load taking 
20 A is connected? [0.04 £2, 51.2 V] 
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4.7 Primary cells 

Primary cells cannot be recharged, that is, the 
conversion of chemical energy to electrical energy 
is irreversible and the cell cannot be used once the 
chemicals are exhausted. Examples of primary cells 
include the Leclanche cell and the mercury cell. 



Lechlanche cell 

A typical dry Lechlanche cell is shown in Fig. 4.6 
Such a cell has an e.m.f. of about 1.5 V when 
new, but this falls rapidly if in continuous use due 
to polarisation. The hydrogen film on the carbon 
electrode forms faster than can be dissipated by 
the depolariser. The Lechlanche cell is suitable 
only for intermittent use, applications including 
torches, transistor radios, bells, indicator circuits, 
gas lighters, controlling switch-gear, and so on. The 
cell is the most commonly used of primary cells, 
is cheap, requires little maintenance and has a shelf 
life of about 2 years. 



Metal cap 




CARBON ROD ANODE 
(positive terminal) 

Pitch seal 

DEPOLARIZER 

to remove hydrogen produced 

on rod surface. 

(ammonium chloride, manganese dioxide 
and powdered carbon) 

ELECTROLYTE 

(sal ammoniac, zinc chloride, 

plaster of pans, water) 

ZINC CASE CATHODE 
(negative terminal) 



DRY LECLANCHE CELL 

Figure 4.6 



Mercury cell 

A typical mercury cell is shown in Fig. 4.7 Such 
a cell has an e.m.f. of about 1.3 V which remains 



constant for a relatively long time. Its main advan- 
tages over the Lechlanche cell is its smaller size 
and its long shelf life. Typical practical applications 
include hearing aids, medical electronics, cameras 
and for guided missiles. 



4.8 Secondary cells 

Secondary cells can be recharged after use, that 
is, the conversion of chemical energy to electri- 
cal energy is reversible and the cell may be used 
many times. Examples of secondary cells include 
the lead-acid cell and the alkaline cell. Practical 
applications of such cells include car batteries, tele- 
phone circuits and for traction purposes - such as 
milk delivery vans and fork lift trucks. 



Lead-acid cell 

A typical lead-acid cell is constructed of: 

(i) A container made of glass, ebonite or plastic. 

(ii) Lead plates 

(a) the negative plate (cathode) consists of 
spongy lead 

(b) the positive plate (anode) is formed by 
pressing lead peroxide into the lead grid. 

The plates are interleaved as shown in the 
plan view of Fig. 4.8 to increase their effective 
cross-sectional area and to minimize internal 
resistance. 



Separators 

Positive plate 
(anode) 



Ul 



.-Container 

Negative plate 
(cathode) 



PLAN VIEW OF LEAD ACID CELL 
Figure 4.8 



^ Steel cap cathode 
{negative terminal) 

Insulating gasket 

-Steel case anode 
(positive terminal) 






Insulation 



-Zinc cylinder 

- Electrolyte 
(potassium hydroxide) 

Mercuric oxide 



MERCURY CELL 



(iii) Separators made of glass, celluloid or wood. 

(iv) An electrolyte which is a mixture of sulphuric 
acid and distilled water. 

The relative density (or specific gravity) of a lead- 
acid cell, which may be measured using a hydrome- 
ter, varies between about 1 .26 when the cell is fully 
charged to about 1.19 when discharged. The terminal 
p.d. of a lead-acid cell is about 2 V. 



Figure 4.7 
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When a cell supplies current to a load it is said 
to be discharging. During discharge: 

(i) the lead peroxide (positive plate) and the spongy 
lead (negative plate) are converted into lead 
sulphate, and 

(ii) the oxygen in the lead peroxide combines with 
hydrogen in the electrolyte to form water. 
The electrolyte is therefore weakened and the 
relative density falls. 

The terminal p.d. of a lead-acid cell when fully 
discharged is about 1.8 V. A cell is charged by 
connecting a d.c. supply to its terminals, the pos- 
itive terminal of the cell being connected to the 
positive terminal of the supply. The charging cur- 
rent flows in the reverse direction to the discharge 
current and the chemical action is reversed. During 
charging: 

(i) the lead sulphate on the positive and negative 
plates is converted back to lead peroxide and 
lead respectively, and 

(ii) the water content of the electrolyte decreases 
as the oxygen released from the electrolyte 
combines with the lead of the positive plate. The 
relative density of the electrolyte thus increases. 

The colour of the positive plate when fully charged 
is dark brown and when discharged is light brown. 
The colour of the negative plate when fully charged 
is grey and when discharged is light grey. 

Alkaline cell 

There are two main types of alkaline cell - the 
nickel-iron cell and the nickel-cadmium cell. In 
both types the positive plate is made of nickel 
hydroxide enclosed in finely perforated steel tubes, 
the resistance being reduced by the addition of pure 
nickel or graphite. The tubes are assembled into 
nickel-steel plates. 

In the nickel-iron cell, (sometimes called the 
Edison cell or nife cell), the negative plate is made 
of iron oxide, with the resistance being reduced by 
a little mercuric oxide, the whole being enclosed in 
perforated steel tubes and assembled in steel plates. 
In the nickel -cadmium cell the negative plate is 
made of cadmium. The electrolyte in each type of 
cell is a solution of potassium hydroxide which 
does not undergo any chemical change and thus the 
quantity can be reduced to a minimum. The plates 



are separated by insulating rods and assembled in 
steel containers which are then enclosed in a non- 
metallic crate to insulate the cells from one another. 
The average discharge p.d. of an alkaline cell is 
about 1.2 V. 

Advantages of an alkaline cell (for example, a 
nickel-cadmium cell or a nickel-iron cell) over a 
lead-acid cell include: 

(i) More robust construction 

(ii) Capable of withstanding heavy charging and 
discharging currents without damage 

(iii) Has a longer life 

(iv) For a given capacity is lighter in weight 

(v) Can be left indefinitely in any state of charge or 
discharge without damage 

(vi) Is not self-discharging 

Disadvantages of an alkaline cell over a lead-acid 
cell include: 

(i) Is relatively more expensive 

(ii) Requires more cells for a given e.rn.f. 

(iii) Has a higher internal resistance 

(iv) Must be kept sealed 

(v) Has a lower efficiency 

Alkaline cells may be used in extremes of temper- 
ature, in conditions where vibration is experienced 
or where duties require long idle periods or heavy 
discharge currents. Practical examples include trac- 
tion and marine work, lighting in railway carriages, 
military portable radios and for starting diesel and 
petrol engines. 

However, the lead-acid cell is the most common 
one in practical use. 



4.9 Cell capacity 

The capacity of a cell is measured in ampere-hours 
(Ah). A fully charged 50 Ah battery rated for 10 h 
discharge can be discharged at a steady current of 
5 A for 10 h, but if the load current is increased to 
10 A then the battery is discharged in 3-4 h, since 
the higher the discharge current, the lower is the 
effective capacity of the battery. Typical discharge 
characteristics for a lead-acid cell are shown in 
Fig. 4.9 





Terminal p.d. (volts) 
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Figure 4.9 



Now try the following exercises 



Exercise 17 Short answer questions on the 

chemical effects of electricity 

1 What is electrolysis? 

2 What is an electrolyte? 

3 Conduction in electrolytes is due to 

4 A positive-connected electrode is called the 

and the negative-connected electrode 

the 

5 State two practical applications of electro- 
lysis 

6 The purpose of an electric cell is to convert 

to 

7 Make a labelled sketch of a simple cell 

8 What is the electrochemical series? 

9 With reference to a simple cell, explain 
briefly what is meant by 

(a) polarisation (b) local action 

10 What is corrosion? Name two effects of cor- 
rosion and state how they may be prevented 

11 What is meant by the e.m.f. of a cell? How 
may the e.m.f. of a cell be measured? 

12 Define internal resistance 

13 If a cell has an e.m.f. of E volts, an internal 

resistance of r ohms and supplies a current I 
amperes to a load, the terminal p.d. V volts 
is given by: V — 

14 Name the two main types of cells 

15 Explain briefly the difference between pri- 
mary and secondary cells 

16 Name two types of primary cells 

17 Name two types of secondary cells 



18 State three typical applications of primary 
cells 

19 State three typical applications of secondary 
cells 

20 In what unit is the capacity of a cell mea- 
sured? 



Exercise 18 Multi-choice questions on the 
chemical effects of electricity (Answers on 
page 375) 

1 A battery consists of: 

(a) a cell (b) a circuit 

(c) a generator (d) a number of cells 

2 The terminal p.d. of a cell of e.m.f. 2 V and 
internal resistance 0. 1 £2 when supplying a 
current of 5 A will be: 

(a) 1.5 V (b)2V 

(c) 1.9 V (d) 2.5 V 

3 Five cells, each with an e.m.f. of 2 V and 
internal resistance 0.5 ST are connected in 
series. The resulting battery will have: 

(a) an e.m.f. of 2 V and an internal resistance 
of 0.5 12 

(b) an e.m.f. of 10 V and an internal resis- 
tance of 2.5 f2 

(c) an e.m.f. of 2 V and an internal resistance 
of 0.1 £2 

(d) an e.m.f. of 10 V and an internal resis- 
tance of 0.1 

4 If the five cells of question 2 are connected 
in parallel the resulting battery will have: 

(a) an e.m.f. of 2 V and an internal resistance 
of 0.5 12 

(b) an e.m.f. of 10 V and an internal resis- 
tance of 2.5 f2 

(c) an e.m.f. of 2 V and an internal resistance 
of 0.1 12 

(d) an e.m.f. of 10 V and an internal resis- 
tance of 0. 1 £2 

5 Which of the following statements is false? 

(a) A Leclanche cell is suitable for use in 
torches 

(b) A nickel-cadnium cell is an example of 
a primary cell 

(c) When a cell is being charged its terminal 
p.d. exceeds the cell e.m.f. 

(d) A secondary cell may be recharged 
after use 
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Assignment 1 



This assignment covers the material contained in Chapters 1 to 4. 

The marks for each question are shown in brackets at the end of each question. 



1 An electromagnet exerts a force of 15 N and 
moves a soft iron armature through a distance of 
12 mm in 50 ms. Determine the power consumed. 

(5) 

2 A d.c. motor consumes 47.25 MJ when connected 

to a 250 V supply for 1 hour 45 minutes. Deter- 
mine the power rating of the motor and the current 
taken from the supply. (5) 

3 A 100W electric light bulb is connected to a 
200 V supply. Calculate (a) the current flowing 
in the bulb, and (b) the resistance of the bulb. 

(4) 

4 Determine the charge transferred when a current 

of 5 mA flows for 10 minutes. (4) 

5 A current of 12 A flows in the element of an 

electric fire of resistance 10 C2. Determine the 
power dissipated by the element. If the fire is on 
for 5 hours every day, calculate for a one week 
period (a) the energy used, and (b) cost of using 
the fire if electricity cost 7p per unit. (6) 



6 Calculate the resistance of 1200 m of copper cable 

of cross-sectional area 15 mm 2 . Take the resistiv- 
ity of copper as 0.02 p £2 m (5) 

7 At a temperature of 40°C, an aluminium cable has 

a resistance of 25 £1 If the temperature coefficient 
of resistance at 0°C is 0.0038/°C, calculate its 
resistance at 0°C (5) 

8 (a) Determine the values of the resistors with the 

following colour coding: 

(i) red-red-orange- silver 

(ii) orange-orange-black-blue-green 

(b) What is the value of a resistor marked as 

47 KK? (6) 

9 Four cells, each with an internal resistance of 
0.40 £2 and an e.m.f. of 2.5 V are connected in 
series to a load of 38.4 C2. (a) Determine the 
current flowing in the circuit and the p.d. at the 
battery terminals, (b) If the cells are connected in 
parallel instead of in series, determine the current 
flowing and the p.d. at the battery terminals. 

( 10 ) 
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5 

Series and parallel networks 



At the end of this chapter you should be able to: 

• calculate unknown voltages, current and resistances in a series circuit 

• understand voltage division in a series circuit 

• calculate unknown voltages, currents and resistances in a parallel network 

• calculate unknown voltages, currents and resistances in series-parallel networks 

• understand current division in a two-branch parallel network 

• describe the advantages and disadvantages of series and parallel connection of lamps 



5.1 Series circuits 

Figure 5.1 shows three resistors R ] , R 2 and R$ 
connected end to end, i.e. in series, with a battery 
source of V volts. Since the circuit is closed a 
current I will flow and the p.d. across each resistor 
may be determined from the voltmeter readings V t , 
V 2 and V 2 . 



fil Ri R3 




Figure 5.1 



In a series circuit 



(a) the current I is the same in all parts of the circuit 
and hence the same reading is found on each of 
the ammeters shown, and 



(b) the sum of the voltages V\,V 2 and V 2 is equal 
to the total applied voltage, V , 



i.e. 



v — Vi + v 2 + V3 



From Ohm’s law: V\ = IR \ , V 2 — IR 2 , V 3 = IR 2 
and V — IR where R is the total circuit resistance. 
Since V — V ; 1 V ' 1 \ ' ; then / R — IR { 1 1 R ~ \ I R i . 
Dividing throughout by / gives 



R — Ri + R 2 + R3 



Thus for a series circuit, the total resistance is 
obtained by adding together the values of the sepa- 
rate resistance’s. 



Problem 1 . For the circuit shown in 
Fig. 5.2, determine (a) the battery voltage V , 

(b) the total resistance of the circuit, and 

(c) the values of resistors R\, R 2 and R 2 , 
given that the p.d.’s across R ] , R 2 and R 2 are 
5 V, 2 V and 6 V respectively. 





fl 2 


n 3 


1 1 1 1 


— 1 1 








Vi 


v 2 

h 1 


Vis 




rv 1 





Figure 5.2 



(a) Battery voltage V — V\ + V 2 + V3 

= 5 + 2 + 6 = 13 V 
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Vi 

I 



5 

4 



V 13 

= - = — = 3.25 £2 
I 4 


— CZZJ— 


9n 
1 1 


ii n 




t 1 




i, 




r l£ 




= 1.25 £2 




I, I, 








r 12 v \ 


1 



V 2 2 

Resistance R 2 — — — — — 0.5 £2 

V 3 6 

Resistance Rj = — = - = 1.5 £2 

(Check: R { + R 2 + R 2 = 1.25 + 0.5 + 1.5 
= 3.25 £2 = R) 



Figure 5.4 

which is the current in the 9 £2 resistor. 
P.d. across the 9 £2 resistor, 

Vi = 7x9 = 0.5 x 9 = 4.5 V 



Problem 2. For the circuit shown in 
Fig. 5.3, determine the p.d. across resistor 
R 2 . If the total resistance of the circuit is 
100 £2, determine the current flowing through 
resistor R\ . Find also the value of resistor R 2 . 



f?1 f?2 ^3 



i i- 


r_ 


-l 1 


10 V 


4 V 

4-^-4 





Figure 5.3 



Power dissipated in the 1 1 £2 resistor, 

P = I 2 R — (0.5) 2 ( 11) 

= (0.25)( 11) = 2.75W 



5.2 Potential divider 



The voltage distribution for the circuit shown in 
Fig. 5.5(a) is given by: 



V! 



+ R 2 J 



V and V 2 = 



' Ri \ 

fii + Ri) 



V 



P.d. across R 2 , V 2 — 25 — 10 — 4 = 11 V 
V 25 

Current I = — = = 0.25 A, 

R 100 

which is the cu ire nt flowing in each resistor 




Resistance R 2 



Vi 

I 



4 

025 



= 16 £2 



Problem 3. A 12 V battery is connected in 
a circuit having three series-connected 
resistors having resistance’s of 4 £2, 9 £2 and 
11 £2. Determine the current flowing through, 
and the p.d. across the 9 £2 resistor. Find also 
the power dissipated in the 1 1 £2 resistor. 




The circuit diagram is shown in Fig. 5.4 

Total resistance R — 4 + 9 + 11 = 24 £2 
V 12 

Current I — — — — = 0.5 A, 

R 24 



Figure 5.5 

The circuit shown in Fig. 5.5(b) is often referred 
to as a potential divider circuit. Such a circuit 
can consist of a number of similar elements in 
series connected across a voltage source, voltages 







More Books Visit : www.iqbalkalmati.blogspot.com 

SERIES AND PARALLEL NETWORKS 4 1 



being taken from connections between the elements. 
Frequently the divider consists of two resistors as 
shown in Fig. 5.5(b), where 




50 \i~tr 



I 



6fi 



Figure 5.6 



voltage V = 



6 + 4 



(50) = 30 V 



50 V- 




Figure 5.7 



Problem 5. Two resistors are connected in 
series across a 24 V supply and a current of 
3 A flows in the circuit. If one of the 
resistors has a resistance of 2 £2 determine 
(a) the value of the other resistor, and (b) the 
p.d. across the 2 £2 resistor. If the circuit is 
connected for 50 hours, how much energy 
is used? 



The circuit diagram is shown in Fig. 5i 
(a) Total circuit resistance 



_ V _ 24 

= y = y 



\Q 



1 = 3 A 



R,=2Q 


Ry 




-J 


1 


Vi 


H- 



Problem 4. Determine the value of voltage 
V shown in Fig. 5.6 



40 



Figure 5.6 may be redrawn as shown in Fig. 5.7, 
and 



Figure 5.8 

Value of unknown resistance, 

R x = 8 - 2 = 6 £2 
(b) P.d. across 2 £2 resistor, 

Vi = IR { =3 x 2 = 6V 
Alternatively, from above, 

Ri 



V, = 



+ R* 



2 + 6 



V 



(24) = 6 V 



Energy used = power x time 
= (V x I) x t 
= (24 x 3 W)(50h) 

= 3600 Wh = 3.6 kWh 

Now try the following exercise 



Exercise 19 Further problems on series 

circuits 

1 The p.d’s measured across three resistors con- 
nected in series are 5 V, 7 V and 10 V, and the 
supply current is 2 A. Determine (a) the sup- 
ply voltage, (b) the total circuit resistance and 
(c) the values of the three resistors. 

[(a) 22 V (b) 1 1 £2 (c) 2.5 £2, 3.5 £2, 5 £2] 

2 For the circuit shown in Fig. 5.9, determine 
the value of Vi. If the total circuit resistance 
is 36 £2 determine the supply current and the 
value of resistors R\, 7+ and R\ 

[10V, 0.5 A, 20 £2, 10 £2, 6 £2] 

3 When the switch in the circuit in Fig. 5.10 
is closed the reading on voltmeter 1 is 30 V 
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and that on voltmeter 2 is 10 V. Determine 
the reading on the ammeter and the value of 
resistor R x [4 A, 2.5 £2] 



1 ^2 ^3 



— 


L 


V'l 


r 5v i' 

J. L_ 


3 V 


i’ lev r 



Figure 5.9 





In a parallel circuit: 

(a) the sum of the currents I\, 1 2 and 7 3 is equal to 
the total circuit current, 7, 



4 Calculate the value of voltage V in Fig. 5.11 

[45 V] 



3 Q. 




i.e. 



I=h+I 2 +h 



and 



(b) the source p.d., V volts, is the same across each 
of the resistors. 

From Ohm’s law: 

V V V V 

7i = — , 7 t = — , I-t — — and I — — 

Ri R 2 7 ? 3 R 



where R is the total circuit resistance. Since 



Figure 5.11 

5 Two resistors are connected in series across an 
18 V supply and a current of 5 A flows. If one 
of the resistors has a value of 2.4 £2 determine 
(a) the value of the other resistor and (b) the 
p.d. across the 2.4 £2 resistor. 

[(a) 1.2 £2 (b) 12 V] 



V V V V 

7 = 7) + I 2 + 7^ then — = 1 1 

R R\ Ri 7? 3 

Dividing throughout by V gives: 



11 1 1 

R - Rl + ~r 2 + Rl 



5.3 Parallel networks 



Figure 5.12 shows three resistors, R \ , Ri and Rj 
connected across each other, i.e. in parallel, across 
a battery source of V volts. 



This equation must be used when finding the total 
resistance 7? of a parallel circuit. For the special case 

of two resistors in parallel 



I - _L + J_ - R 2+ R l 

R 7?i 7?2 7 ?i7?2 



Hence 



R = 



R 1 R 2 

t?r + Ri 




product 

sum 
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Problem 9. Given four 1 G resistors, state 
how they must be connected to give an 
overall resistance of (a) | £2 (b) 1 G (c) l{ G 
(d) 2 j G. all four resistors being connected 
in each case. 



1 _ i 1 1 _ 3 

R _ T + T + T~T’ 

i.e. R = \ Q and | G in series with 1 G gives 
1G 

(d) Two in parallel, in series with two in series 

(see Fig. 5.19), since for the two in parallel 



(a) All four in parallel (see Fig. 5.16), since 



1 

R 



11114 . 1 

— — + — + — + — — — i.e. R — — G 
11111 4 



i n 




Figure 5.19 




1 Q 



i n 



d 6 



Figure 5.16 



(b) Two in series, in parallel with another two 
in series (see Fig. 5.17), since 1 G and 1 G in 
series gives 2 G, and 2 G in parallel with 2 G 
gives 



R = 



1 x 1 

ITT 




and i G, 1 G and 1 G in series gives 2j G 



Problem 10. Find the equivalent resistance 
for the circuit shown in Fig. 5.20 

fl 3 = 3 n 




fl 6 =i8 n 



Figure 5.20 



2x2 
2 + 2 




i n in 




Figure 5.17 

(c) Three in parallel, in series with one (see 
Fig. 5.18), since for the three in parallel. 



i n 




Figure 5.18 



/? 3 , R+ and /+ are connected in parallel and their 
equivalent resistance R is given by 

1 1,1, 1 6 + 3+1 10 

R _ 3 + 6 + l8~ 18 ~ 18 

hence R = (18/10) = 1.8 G. The circuit is now 
equivalent to four resistors in series and the equiv- 
alent circuit resistance = 1 + 2.2 + 1.8 + 4 = 9 £2 



Problem 11. Resistances of 10 G, 20 G and 
30 G are connected (a) in series and (b) in 
parallel to a 240 V supply. Calculate the 
supply current in each case. 



(a) The series circuit is shown in Fig. 5.21 
The equivalent resistance 
R T — 10 G + 20 G + 30 G = 60 G 

V 240 

Supply current I — — = = 4 A 

Rj 60 
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10Q 20 Q 30Q 

1—1=] t= [=-| 

>1/ 

240 V 0 

Figure 5.21 



5.4 Current division 

For the circuit shown in Fig. 5.23, the total circuit 
resistance, R \ is given by 

R\Ri 

R T = —=— 

Ri+Ri 



(b) The parallel circuit is shown in Fig. 5.22 

The equivalent resistance R\ of 1 0 F>, 20 £2 
and 30 ST resistance’s connected in parallel is 
given by: 



h ion 





y 


-4 1 — 

20 n 






30 n 


A 






O-*- 





■240 V < 



Figure 5.22 



1 111 6 + 3 + 2 _ 11 

^ = K) + 20 + 30 = 60 = 60 




Figure 5.23 



and 



V — IRj — I 



f RiRi \ 

[Ri+RiJ 



Current 



L = L ( R ' Rl - ) 

R\ R\ \Ri + Ri) 



R 2 \ 

Ri + R 2 / 



(I) 



Similarly, 



60 

hence Rj = — £2 



current 



L = L ( R ' Rl - ) 

Ri Ri \Ri R2 ) 



Supply current 



V _ 240 
1 ~ R^~ ~ 60" 
11 



240 x 11 



60 



= 44 A 



(Check: 



V 240 

I\ = — = = 24 A, 



R 



V 



10 

240 



I 2 = — = — = 12 A 
- R 2 20 



V 240 

and / 3 = — = = 8A 

R 3 30 

For a parallel circuit I — I\ + 1 2 + 1 2 
— 24 + 12 + 8 = 44 A, as above) 



Ri + R2 / 



(I) 



Summarising, with reference to Fig. 5.23 



and 



* = 


( R2 ^ 


(I) 


v Ri + R2 / 




h = 


( R ' ) 


(I) 


KRi+RiJ 



Problem 12. For the series-parallel 
arrangement shown in Fig. 5.24, find (a) the 
supply current, (b) the current flowing 
through each resistor and (c) the p.d. across 
each resistor. 
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= 2.5 n 



Figure 5.24 



p.d. across R\, i.e. 

Vi = IR\ = (25)(2.5) = 62.5 V 
p.d. across R x , i.e. 

V X = IR X = ( 25)(1.5) = 37.5 V 
p.d. across R 4 , i.e. 



(a) The equivalent resistance R x of R 2 and R 3 in 
parallel is: 



The equivalent resistance Rj of R \ , R x and R 4 
in series is: 

R t = 2.5+ 1.5 + 4= 8£2 
Supply current 



v 4 = IR 4 = (25)(4) = 100 V 
Hence the p.d. across R 2 
— p.d. across R 2 = 37.5 V 



Problem 13. For the circuit shown in 
Fig. 5.26 calculate (a) the value of resistor 
R x such that the total power dissipated in the 
circuit is 2.5 kW, (b) the current flowing in 
each of the four resistors. 



V 200 

/ = — = = 25 A 

Rt S 

(b) The current flowing through R i and R 4 is 25 A. 
The current flowing through 



Ro = 



R, 



X R 2 + R 3 

= 6.25 A 



I = 



6 + 2 



25 



The cunent flowing through 




R 3 



-*-)l 

r 2 + r 3 J 



6 + 2 



25 = 18.75 A 



(Note that the currents flowing through R 2 and 
R 3 must add up to the total current flowing into 
the parallel arrangement, i.e. 25 A) 



(c) The equivalent circuit of Fig. 5.24 is shown in 
Fig. 5.25 



/= 25 A 




(a) Power dissipated P — VI watts, hence 
2500 = (250)(7) 



i.e. / = 



2500 

"250" 



10 A 



From Ohm’s law, 



V 250 

R T = - = = 25 £2, 

/ 10 



where R\ is the equivalent circuit resistance. 
The equivalent resistance of R\ and R 2 in par- 
allel is 



15 x 10 150 

= = 6 £2 

15+10 25 

The equivalent resistance of resistors R 3 and R x 
in parallel is equal to 25 £2 — 6 £2, i.e. 19 £2. 



Figure 5.25 
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There are three methods whereby R x can be 
determined. 



Current / 2 — 



—)' = 

R\ + R2J 



15 

15 + 10 



( 10 ) 



Method 1 

The voltage V 1 = IR, where R is 6 £2, from above, 
i.e. Vi = (10)(6) = 60 V. Hence 




(10) = 6 A 



From part (a), method 1, I 3 = I 4 = 5 A 



V 2 = 250 V — 60 V = 190 V 
= p.d. across R 3 
— p.d. across R x 



Problem 14. For the arrangement shown in 
Fig. 5.27, find the current I x . 




190 

lifT 



= 5 A. 



Thus / 4 = 5 A also, since I — 10 A. Thus 



Rx = 



V2 

U 



190 



= 38 £2 



Method 2 

Since the equivalent resistance of R 3 and R x in 
parallel is 19 £2, 




Commencing at the right-hand side of the arrange- 
ment shown in Fig. 5.27, the circuit is gradually 
reduced in stages as shown in Fig. 5.28(a)-(d). 



19 



38/C 
38 + R x 



i.e. 



product \ 



sum 






Hence 



19(38 + R x ) = 38i? x 
722 + 19R X = 38/C 
722 = 38 R x 
- 19 R t 



19 R x = \9R X 



Thus 

Method 3 



722 

R x = = 38 £2 

19 



(b) Current / 1 = 



Rn 



R\ + Ri 

10 

15+10 
2 



( 10 ) 



= ( - ) (10) = 4 A 




When two resistors having the same value are con- 
nected in parallel the equivalent resistance is always 
half the value of one of the resistors. Thus, in 
this case, since Rj — 19 £2 and R$ = 38 £2, then 
R x — 38 £2 could have been deduced on sight. 



<c> 

Figure 5.28 

From Fig. 5.28(d), 
17 

I = = 4 A 

4.25 

From Fig. 5.28(b), 

9 

,9T3 

From Fig. 5.27 



M 



/l = 



(/) = 



(4) = 3 A 



h = 



2 + 



(/l) = < To 



(3) = 0.6A 
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Now try the following exercise 




6 Q 




Figure 5.30 



plete circuit expends a power of 0.36 kW, 
find the total current flowing. 

[2.5 6 A] 

7 (a) Calculate the current flowing in the 30 £2 
resistor shown in Fig. 5.31 (b) What addi- 
tional value of resistance would have to be 
placed in parallel with the 20 £2 and 30 £2 
resistors to change the supply current to 8 A, 
the supply voltage remaining constant. 

[(a) 1.6 A (b) 6 £2] 



20 n 




Figure 5.31 



8 For the circuit shown in Fig. 5.32, find (a) V\, 
(b) V-y, without calculating the current flow- 
ing. " [(a) 30 V (b) 42 V] 



5 0 7 Q 
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9 Determine the currents and voltages indicated 
in the circuit shown in Fig. 5.33 
[/, = 5A ,I 2 = 2.5 A, / 3 = if A, I 4 = | A 
U = 3 A, / 6 = 2 A, Vi = 20 V, Vo = 5 V, 

V 3 = 6 V] 

10 Find the current I in Fig. 5.34 [1.8 A] 




Figure 5.33 



1.60 1.50 20 ; 



t J 


ft 1 1 1 


f— 1 1 — >— | 


24 V 6 n 


50 


30 


1 < 


> 4 


> 



Figure 5.34 



5.5 Wiring lamps in series and in 
parallel 

Series connection 

Figure 5.35 shows three lamps, each rated at 240 V, 
connected in series across a 240 V supply. 

(i) Each lamp has only (240/3) V, i.e. 80 V across 
it and thus each lamp glows dimly. 

(ii) If another lamp of similar rating is added in 
series with the other three lamps then each lamp 



now has (240/4) V, i.e. 60 V across it and each 
now glows even more dimly. 

(iii) If a lamp is removed from the circuit or if a 
lamp develops a fault (i.e. an open circuit) or if 
the switch is opened, then the circuit is broken, 
no current flows, and the remaining lamps will 
not light up. 

(iv) Less cable is required for a series connection 
than for a parallel one. 

The series connection of lamps is usually limited to 

decorative lighting such as for Christmas tree lights. 

Parallel connection 

Figure 5.36 shows three similar lamps, each rated at 

240 V, connected in parallel across a 240 V supply. 



Lamp 1 




Figure 5.36 



(i) Each lamp has 240 V across it and thus each 
will glow brilliantly at their rated voltage. 

(ii) If any lamp is removed from the circuit or 
develops a fault (open circuit) or a switch is 
opened, the remaining lamps are unaffected. 

(iii) The addition of further similar lamps in parallel 
does not affect the brightness of the other 
lamps. 

(iv) More cable is required for parallel connection 
than for a series one. 



Lamp 1 Lamp 2 Lamp 3 

rO-O-O 



6 -* <1 

240 V 



The parallel connection of lamps is the most widely 
used in electrical installations. 



Problem 15. If three identical lamps are 
connected in parallel and the combined 
resistance is 150 £2, find the resistance of one 
lamp. 



Figure 5.35 
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Let the resistance of one lamp be R , then 

1 _ 1 1 1 _ 3 

150 ~ R + R + R~ R’ 

from which, R ~ 3 x 150 = 450 ft 



Problem 16. Three identical lamps A, B 
and C are connected in series across a 150 V 
supply. State (a) the voltage across each 
lamp, and (b) the effect of lamp C failing. 



(a) Since each lamp is identical and they are con- 
nected in series there is 150/3 V, i.e. 50 V across 
each. 

(b) If lamp C fails, i.e. open circuits, no current will 
flow and lamps A and B will not operate. 



Now try the following exercises 



Exercise 21 Further problems on wiring 
lamps in series and in parallel 

1 If four identical lamps are connected in paral- 

lel and the combined resistance is 100 ft, find 
the resistance of one lamp. [400 ft] 

2 Three identical filament lamps are connected 

(a) in series, (b) in parallel across a 210 V sup- 
ply. State for each connection the p.d. across 
each lamp. [(a) 70 V (b) 210 V] 



Exercise 22 Short answer questions on 

series and parallel networks 

1 Name three characteristics of a series circuit 

2 Show that for three resistors R\, /? 2 and R$ 
connected in series the equivalent resistance R 
is given by R — R\ + R 2 + R 3 

3 Name three characteristics of a parallel net- 
work 

4 Show that for three resistors R\, R 2 and R$ 
connected in parallel the equivalent resistance 
R is given by 



1 _ 1 1 1 
R = R~ l + R^ + R~ 3 

5 Explain the potential divider circuit 

6 Compare the merits of wiring lamps in 
(a) series (b) parallel 



Exercise 23 Multi-choice questions on 
series and parallel networks (Answers on 
page 375) 

1 If two 4ft resistors are connected in series 
the effective resistance of the circuit is: 

(a) 8ft (b) 4 ft (c) 2 ft (d) 1 ft 

2 If two 4 ft resistors are connected in parallel 
the effective resistance of the circuit is: 

(a) 8 ft (b) 4ft (c) 2 ft (d) 1 ft 

3 With the switch in Fig. 5.37 closed, the 
ammeter reading will indicate: 

(a) 1 A (b) 75 A (c) | A (d) 3 A 



3Q 5ft 7ft 




4 The effect of connecting an additional paral- 
lel load to an electrical supply source is to 
increase the 

(a) resistance of the load 

(b) voltage of the source 

(c) current taken from the source 

(d) p.d. across the load 

5 The equivalent resistance when a resistor 
of | ft is connected in parallel with a \ ft 
resistance is: 

(a) i ft (b) 7 ft (c) ft (d) | ft 

6 With the switch in Fig. 5.38 closed the am- 
meter reading will indicate: 

(a) 108 A (b) \ A (c)3A (d) 4§ A 

7 A 6ft resistor is connected in parallel with 
the three resistors of Fig. 5.38. With the 
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6 

Capacitors and capacitance 



At the end of this chapter you should be able to: 

• describe an electrostatic field 

• appreciate Coulomb’s law 

• define electric field strength E and state its unit 

• define capacitance and state its unit 

• describe a capacitor and draw the circuit diagram symbol 

• perform simple calculations involving C — Q/V and Q — It 

• define electric flux density D and state its unit 

• define permittivity, distinguishing between e 0 , s r and s 

• perform simple calculations involving 

Q V D 

D = — ,E — — and — — e 0 e r 

A d E 

• understand that for a parallel plate capacitor, 

c _ SoStAjn - 1 ) 

d 

• perform calculations involving capacitors connected in parallel and in series 

• define dielectric strength and state its unit 

• state that the energy stored in a capacitor is given by W — \CV 2 joules 

• describe practical types of capacitor 

• understand the precautions needed when discharging capacitors 



6.1 Electrostatic field 

Figure 6.1 represents two parallel metal plates, A 
and B, charged to different potentials. If an electron 
that has a negative charge is placed between the 
plates, a force will act on the electron tending to 
push it away from the negative plate B towards the 
positive plate, A. Similarly, a positive charge would 
be acted on by a force tending to move it toward 



the negative plate. Any region such as that shown 
between the plates in Fig. 6.1, in which an electric 
charge experiences a force, is called an electrostatic 
field. The direction of the field is defined as that 
of the force acting on a positive charge placed 
in the field. In Fig. 6.1, the direction of the force 
is from the positive plate to the negative plate. 
Such a field may be represented in magnitude and 
direction by lines of electric force drawn between 
the charged surfaces. The closeness of the lines is 
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B 



Figure 6.1 



the magnitude of their charges and inversely pro- 
portional to the square of the distance separating 
them, i.e. 



force oc 



~~d 2 ~ 



or 



an indication of the field strength. Whenever a p.d. 
is established between two points, an electric field 
will always exist. 

Figure 6.2(a) shows a typical field pattern for 
an isolated point charge, and Fig. 6.2(b) shows 
the field pattern for adjacent charges of opposite 
polarity. Electric lines of force (often called elec- 
tric flux lines) are continuous and start and finish 
on point charges; also, the lines cannot cross each 
other. When a charged body is placed close to an 
uncharged body, an induced charge of opposite sign 
appears on the surface of the uncharged body. This 
is because lines of force from the charged body ter- 
minate on its surface. 



force = k 



Mi 

d 2 



where constant k ~ 9 x 10 9 . This is known as 

Coulomb’s law. 

Hence the force between two charged spheres in 
air with their centres 16 mm apart and each carrying 
a charge of +1.6 gC is given by: 



force = k 



<i\ qi 

~d 2 ~ 



(9 x 10 9 ) 



(1.6 x 1(T 6 ) 2 
(16 x 10- 3 ) 2 



= 90 newtons 



6.2 Electric field strength 





Figure 6.2 

The concept of field lines or lines of force is 
used to illustrate the properties of an electric field. 
However, it should be remembered that they are 
only aids to the imagination. 

The force of attraction or repulsion between 
two electrically charged bodies is proportional to 



Figure 6.3 shows two parallel conducting plates sep- 
arated from each other by air. They are connected 
to opposite terminals of a battery of voltage V volts. 
There is therefore an electric field in the space 
between the plates. If the plates are close together, 
the electric lines of force will be straight and paral- 
lel and equally spaced, except near the edge where 
fringing will occur (see Fig. 6.1). Over the area in 
which there is negligible fringing, 



Electric field strength, E — — volts/metre 

d 



where d is the distance between the plates. Electric 
field strength is also called potential gradient. 
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6.3 Capacitance 

Static electric fields arise from electric charges, 
electric field lines beginning and ending on electric 
charges. Thus the presence of the field indicates 
the presence of equal positive and negative electric 
charges on the two plates of Fig. 6.3. Let the charge 
be +Q coulombs on one plate and —Q coulombs on 
the other. The property of this pair of plates which 
determines how much charge corresponds to a given 
p.d. between the plates is called their capacitance: 



capacitance C = y 



The unit of capacitance is the farad F (or more 
usually pF = 10^ 6 F or pF — 1CT 12 F), which is 
defined as the capacitance when a p.d. of one volt 
appears across the plates when charged with one 
coulomb. 



6.4 Capacitors 

Every system of electrical conductors possesses 
capacitance. For example, there is capacitance 
between the conductors of overhead transmission 
lines and also between the wires of a telephone 
cable. In these examples the capacitance is 
undesirable but has to be accepted, minimized or 
compensated for. There are other situations where 
capacitance is a desirable property. 

Devices specially constructed to possess capaci- 
tance are called capacitors (or condensers, as they 
used to be called). In its simplest form a capaci- 
tor consists of two plates which are separated by 
an insulating material known as a dielectric. A 
capacitor has the ability to store a quantity of static 
electricity. 

The symbols for a fixed capacitor and a variable 
capacitor used in electrical circuit diagrams are 
shown in Fig. 6.4 



where / is the current in amperes and t the time in 
seconds. 



Problem 1 . (a) Determine the p.d. across a 

4 pF capacitor when charged with 5 mC 
(b) Find the charge on a 50 pF capacitor 
when the voltage applied to it is 2kV. 



(a) C = 4pF = 4x 10~ 6 F and 
G = 5mC = 5x 10“ 3 C. 



Q Q 

Since C — — then V — — — 
V C 

5 x 10 6 5000 

~ 4 x 10 3 ~ ~4~ 



5 x 10- 3 
4 x 10~ 6 



Hence p.d. V = 1250 V or 1.25 kV 

(b) C = 50 pF = 50 x 10~ 12 F and 
V = 2kV = 2000 V 

Q = CV = 50 x 10- 12 x 2000 



5x2 , 

= 5- =0.1 x 10- 6 

10 8 

Hence, charge Q = 0.1 pC 



Problem 2. A direct current of 4 A flows 
into a previously uncharged 20 pF capacitor 
for 3 ms. Determine the p.d. between 
the plates. 



I = 4A, C = 20 pF = 20 x 10~ 6 F and t = 3ms = 
3 x IQ" 3 s.fi = /( = 4x3x 10 - 3 C. 



Q 4 x 3 x 10 ~ 3 
V= = 



c 



20 x lO ' 6 



12 x 10 6 



= 600 V 



Hence, the p.d. between the plates is 600 V 



— II 

Fixed capacitor Variable capacitor 
Figure 6.4 

The charge Q stored in a capacitor is given by: 

Q — I xt coulombs 



Problem 3. A 5 pF capacitor is charged so 
that the p.d. between its plates is 800 V. 
Calculate how long the capacitor can provide 
an average discharge current of 2 mA. 



C = 5 pF = 5 x 10^ 6 F, V = 800 V and 
/ = 2mA = 2x 10 -3 A. 

Q — CV — 5 x 10- 6 x 800 = 4 x IQ- 3 C 
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Also, Q — It. Thus, 



t — 



Q 

I 



4 x 1CT 3 

= 2s 

2 x IQ' 3 



Q 

electric flux density, D = — coulombs/metre 



Hence, the capacitor can provide an average 
discharge current of 2 mA for 2 s. 



Electric flux density is also called charge den- 
sity, a. 



Now try the following exercise 



Exercise 24 Further problems on 

capacitors and capacitance 

1 Find the charge on a 10 pF capacitor when the 

applied voltage is 250 V [2.5 mC] 

2 Determine the voltage across a lOOOpF capac- 
itor to charge it with 2 pC [2 kV] 

3 The charge on the plates of a capacitor is 6 mC 
when the potential between them is 2.4 kV. 
Determine the capacitance of the capacitor. 

[2.5 pF] 

4 For how long must a charging current of 2 A 

be fed to a 5 pF capacitor to raise the p.d. 
between its plates by 500 V. [1.25 ms] 

5 A direct current of 10 A flows into a previously 

uncharged 5 pF capacitor for 1 ms. Determine 
the p.d. between the plates. [2kV] 

6 A 16 pF capacitor is charged at a constant 

current of 4pA for 2 min. Calculate the final 
p.d. across the capacitor and the corresponding 
charge in coulombs. [30 V, 480 pC] 

7 A steady current of 10 A flows into a previ- 

ously uncharged capacitor for 1.5 ms when the 
p.d. between the plates is 2 kV. Find the capac- 
itance of the capacitor. [7.5 pF] 



6.5 Electric flux density 

Unit flux is defined as emanating from a posi- 
tive charge of 1 coulomb. Thus electric flux i// 
is measured in coulombs, and for a charge of Q 
coulombs, the flux x/r — Q coulombs. 

Electric flux density D is the amount of 
flux passing through a defined area A that is 
perpendicular to the direction of the flux: 



6.6 Permittivity 

At any point in an electric field, the electric field 
strength E maintains the electric flux and produces 
a particular value of electric flux density D at that 
point. For a field established in vacuum (or for 
practical purposes in air), the ratio D/E is a constant 
£o, i-e. 



D 




where e 0 is called the permittivity of free space or 

the free space constant. The value of £ 0 is 
8.85 x 10" 12 F/m. 

When an insulating medium, such as mica, paper, 
plastic or ceramic, is introduced into the region of 
an electric field the ratio of D/E is modified: 



D 

E ~ £ ° £r 



where e r , the relative permittivity of the insulating 
material, indicates its insulating power compared 
with that of vacuum: 



relative permittivity, 

flux density in material 
r flux density in vacuum 



e r has no unit. Typical values of £ r include air, 1.00; 
polythene, 2.3; mica, 3-7; glass, 5-10; water, 80; 
ceramics, 6-1000. 

The product £o£ r is called the absolute permit- 
tivity, £, i.e. 



E — £o«r 
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The insulating medium separating charged surfaces 
is called a dielectric. Compared with conductors, 
dielectric materials have very high resistivities. They 
are therefore used to separate conductors at differ- 
ent potentials, such as capacitor plates or electric 
power lines. 



Problem 4. Two parallel rectangular plates 
measuring 20 cm by 40 cm cany an electric 
charge of 0.2 pC. Calculate the electric flux 
density. If the plates are spaced 5 mm apart 
and the voltage between them is 0.25 kV 
determine the electric held strength. 



Area = 20 cm x 40 cm = 800 cm 2 = 800 x 10~ 4 m 2 
and charge Q = 0.2 pC = 0.2 x 10~ 6 C, 

Electric flux density 



A 

2000 

~800 



0.2 x 10“ 6 0.2 x 10 4 

800 x 10- 4 ~ 800 x 10 6 

x 10 -6 = 2.5 pC/m 2 



Voltage V — 0.25 kV = 250 V and plate spacing, 
d — 5 mm = 5x 10~ 3 m. 

Electric field strength 



Electric field strength 

V 200 

d 0.8 x 10- 3 ' 

D 

(a) For air: e r = 1 and — = e 0 e r 

E 

Hence electric flux density 

D — EsqS t 

= (250 x 10 3 x 8.85 x 10“ 12 x 1) C/m 2 

= 2.213 pC/nr 

(b) For polythene, s r — 2.3 

Electric flux density 

D — ESoS r 

= (250 x 10 3 x 8.85 x 10“ 12 x 2.3) C/m 2 

= 5.089 pC/nr 



Now try the following exercise 




250 

5 x 10- 3 



= 50kV/m 



Problem 5. The flux density between two 
plates separated by mica of relative 
permittivity 5 is 2pC/m 2 . Find the voltage 
gradient between the plates. 



Flux density D = 2pC/m 2 = 2 x 10 _6 C/m 2 , 
So — 8.85 x 10 _12 F/m and s r — 5. 

D/E — e 0 e r , hence voltage gradient, 

D 2 x 10~ 6 

E = = V/m 

e 0 e r 8.85 x 10 -12 x 5 

= 45.2 kV/m 



Problem 6. Two parallel plates having a 
p.d. of 200 V between them are spaced 
0.8 mm apart. What is the electric field 
strength? Find also the electric flux density 
when the dielectric between the plates is 
(a) air, and (b) polythene of relative 
permittivity 2.3 



Exercise 25 Further problems on electric 

field strength, electric flux density and 

permittivity 

(Where appropriate take So as 8.85 x 1 0~ 12 F/m) 

1 A capacitor uses a dielectric 0.04 mm thick 
and operates at 30 V. What is the electric field 
strength across the dielectric at this voltage? 

[750kV/m] 

2 A two-plate capacitor has a charge of 25 C. If 
the effective area of each plate is 5 cm 2 find 
the electric flux density of the electric field. 

[50kC/m 2 ] 

3 A charge of 1.5 pC is carried on two parallel 
rectangular plates each measuring 60 mm by 
80 mm. Calculate the electric flux density. If 
the plates are spaced 10 mm apart and the 
voltage between them is 0.5 kV determine the 
electric field strength. 

[312.5 pC/m 2 , 50 kV/m] 

4 Two parallel plates are separated by a dielec- 
tric and charged with 10 pC. Given that the 
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area of each plate is 50 cm 2 , calculate the elec- 
tric flux density in the dielectric separating 
the plates. [2mC/m 2 ] 

5 The electric flux density between two plates 

separated by polystyrene of relative permittiv- 
ity 2.5 is 5|iC/m 2 . Find the voltage gradient 
between the plates. [226kV/m] 

6 Two parallel plates having a p.d. of 250 V 
between them are spaced 1 mm apart. Deter- 
mine the electric field strength. Find also 
the electric flux density when the dielectric 
between the plates is (a) air and (b) mica of 
relative permittivity 5 

[250kV/m (a) 2.213 pC/m 2 (b) 11.063 pC/m 2 ] 




6.7 The parallel plate capacitor 

For a parallel-plate capacitor, as shown in 
Fig. 6.5(a), experiments show that capacitance C 
is proportional to the area A of a plate, inversely 
proportional to the plate spacing d (i.e. the dielectric 
thickness) and depends on the nature of the 
dielectric: 




Figure 6.5 



Problem 7. (a) A ceramic capacitor has an 

effective plate area of 4 cm 2 separated by 
0. 1 mm of ceramic of relative permittivity 
100. Calculate the capacitance of the 
capacitor in picofarads, (b) If the capacitor in 
part (a) is given a charge of 1.2 pC what will 
be the p.d. between the plates? 



(a) Area A = 4 cm 2 = 4x10 4 m 2 , 
d — 0.1 mm = 0.1 x 10~ 3 m. 



where £o = 8.85 x 10~ 12 F/m (constant) 
s r = relative permittivity 
A = area of one of the plates, in nr, and 
d = thickness of dielectric in m 

Another method used to increase the capacitance is 
to interleave several plates as shown in Fig. 6.5(b). 
Ten plates are shown, forming nine capacitors with 
a capacitance nine times that of one pair of plates. 

If such an arrangement has n plates then capaci- 
tance C oc (n — 1 ). Thus capacitance 




e 0 = 8.85 x 10 12 F/m and e r = 100 

Capacitance, 
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Problem 8. A waxed paper capacitor has 
two parallel plates, each of effective area 
800 cm 2 . If the capacitance of the capacitor 
is 4425 pF determine the effective thickness 
of the paper if its relative permittivity is 2.5 



A = 800 cm 2 = 800 x 10' 4 m 2 = 0.08 m 2 , C = 
4425 pF = 4425 x 10~ 12 F, e 0 = 8.85 x 10^ 12 F/m 
and e r = 2.5. Since 

£ 0 £ A A £ 0 £ r A 

C = then a — 

d C 

8.85 x 10~ 12 x 2.5 x 0.08 

“ 4425 x 10- 12 

= 0.0004 m 

Hence, the thickness of the paper is 0.4 mm. 



Problem 9. A parallel plate capacitor has 
nineteen interleaved plates each 75 mm by 
75 mm separated by mica sheets 0.2 mm 
thick. Assuming the relative permittivity of 
the mica is 5, calculate the capacitance of 
the capacitor. 



n = 19 thus « — 1 = 18, A = 75x75 = 5625 mm 2 = 
5625 x 10~ 6 nr, s r = 5, £ 0 = 8.85 x 10~ 12 F/m and 
d — 0.2 mm = 0.2 x 10^ 3 m. Capacitance, 

£ 0 £ r A(« — 1) 



8.85 x 10~ 12 x 5 x 5625 x 10~ 6 x 18 
“ 0.2 x 10“ 3 

= 0.0224 pF or 22.4 nF 



Now try the following exercise 



2 A waxed paper capacitor has two parallel 

plates, each of effective area 0.2 m 2 . If the 
capacitance is 4000 pF determine the effective 
thickness of the paper if its relative permittiv- 
ity is 2 [0.885 mm] 

3 Calculate the capacitance of a parallel plate 
capacitor having 5 plates, each 30 mm by 
20 mm and separated by a dielectric 0.75 mm 
thick having a relative permittivity of 2.3 

[65.14pF] 

4 How many plates has a parallel plate capacitor 

having a capacitance of 5nF, if each plate 
is 40 mm by 40 mm and each dielectric is 
0.102 mm thick with a relative permittivity 
of 6. [7] 

5 A parallel plate capacitor is made from 25 
plates, each 70 mm by 120 mm interleaved 
with mica of relative permittivity 5. If 
the capacitance of the capacitor is 3000 pF 
determine the thickness of the mica sheet. 

[2.97 mm] 

6 A capacitor is constructed with parallel plates 
and has a value of 50 pF. What would be the 
capacitance of the capacitor if the plate area 
is doubled and the plate spacing is halved? 

[200 pF] 

7 The capacitance of a parallel plate capacitor 

is 1000 pF. It has 19 plates, each 50 mm by 
30nmr separated by a dielectric of thickness 
0.40 mm. Determine the relative permittivity 
of the dielectric. [1-67] 

8 The charge on the square plates of a multiplate 

capacitor is 80 pC when the potential between 
them is 5 kV. If the capacitor has twenty-five 
plates separated by a dielectric of thickness 
0.102 mm and relative permittivity 4.8, deter- 
mine the width of a plate. [40 mm] 



Exercise 26 Further problems on parallel 
plate capacitors 

(Where appropriate take £o as 8.85 x 10 _12 F/m) 

1 A capacitor consists of two parallel plates each 
of area 0.01 m 2 , spaced 0.1 mm in air. Calcu- 
late the capacitance in picofarads. [885 pF] 



9 A capacitor is to be constructed so that its 
capacitance is 4250 pF and to operate at a p.d. 
of 100 V across its terminals. The dielectric is 
to be polythene (£ r = 2.3) which, after allow- 
ing a safety factor, has a dielectric strength 
of 20 MV/m. Find (a) the thickness of the 
polythene needed, and (b) the area of a plate. 

[(a) 0.005 mm (b) 10.44 cm 2 ] 
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6.8 Capacitors connected in parallel 
and series 

(a) Capacitors connected in parallel 

Figure 6.6 shows three capacitors, C\, C 2 and C 3 , 
connected in parallel with a supply voltage V 
applied across the arrangement. 




Oij JCi 



A 


ir — 

o 2 i ic 2 






1 1 

Qa| |C 3 





Total charge, Q T = Qi + Q2 + Q3 

Figure 6.6 



Figure 6.7 

the p.d. across the individual capacitors be V 1 , VS 
and I /3 respectively as shown. 

Let the charge on plate ‘a’ of capacitor Ci be 
+0 coulombs. This induces an equal but opposite 
charge of — 0 coulombs on plate 7/. The conductor 
between plates ‘b’ and ‘c’ is electrically isolated 
from the rest of the circuit so that an equal but 
opposite charge of +0 coulombs must appear on 
plate ‘c’, which, in turn, induces an equal and 
opposite charge of — 0 coulombs on plate 7/’, and 
so on. 

Flence when capacitors are connected in series the 
charge on each is the same. In a series circuit: 



When the charging current I reaches point A it 
divides, some flowing into C\, some flowing into 
C 2 and some into C 3 . Hence the total charge Q\(— 
I x t) is divided between the three capacitors. The 
capacitors each store a charge and these are shown 
as Q 1- Qi an d 03 respectively. Hence 

Qt — Q\ + Qi + Qi 



V = V! + v 2 + v 3 

Q Q Q Q Q 

Since V = — then - = — + — + — 

C C Cl Co c 3 



where C is the total equivalent circuit capaci- 
tance, i.e. 



But 0 T = CV, 0 i = CiV, 02 = C 2 V and 0 , = 
C 3 V. Therefore CV = C 1 V + C 2 V + C 3 V where C 
is the total equivalent circuit capacitance, i.e. 

C — Ci + C 2 + C 3 



11 1 1 

c - c[ + c 2 + c i 

It follows that for n series-connected capacitors: 



It follows that for n parallel-connected capacitors, 



c = Cj + C 2 + Ci + c n 



i.e. the equivalent capacitance of a group of parallel- 
connected capacitors is the sum of the capacitances 
of the individual capacitors. (Note that this for- 
mula is similar to that used for resistors connected 
in series). 

(b) Capacitors connected in series 

Figure 6.7 shows three capacitors, Ci, C 2 and C 3 , 
connected in series across a supply voltage V. Let 



1 


1 


1 


1 


1 


— 


+ — — 


+ b • ■ 


• • “b 7T 


c 


C 1 


C 2 


c 3 


Cn 



i.e. for series-connected capacitors, the reciprocal 
of the equivalent capacitance is equal to the sum of 
the reciprocals of the individual capacitances. (Note 
that this formula is similar to that used for resistors 
connected in parallel). 

For the special case of two capacitors in series: 



c c x c 2 



C 1 C 2 
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Hence 






CiC 2 
Ci + C 2 




product 

sum 



Problem 10. Calculate the equivalent 
capacitance of two capacitors of 6 pF and 
4 pF connected (a) in parallel and (b) in 
series. 



(a) In parallel, equivalent capacitance, 
c = Cl + C 2 = 6 pF + 4 pF = 10 pF 



(b) In series, equivalent capacitance C is given by: 
CiC 2 

C = — — 

C 1 + C 2 



This formula is used for the special case of two 
capacitors in series. Thus 

6x4 24 

C = = — = 2.4 pF 

6 + 4 10 



Problem 1 1 . What capacitance must be 
connected in series with a 30 pF capacitor for 
the equivalent capacitance to be 12 pF? 



Let C = 12 pF (the equivalent capacitance), 

Ci = 30 pF and C 2 be the unknown capacitance. 
For two capacitors in series 



1 _ i 1 

C = c7 + C~2 

Hence 

1 1 1 Ci - C 

~C 2 ~ C ~ ~c[ ~ CC X 



and 



CCi 12 x 30 
Ci-C ~ 30- 12 



360 

TiT 



= 20 pF 



Problem 12. Capacitance’s of 1 pF, 3 pF, 

5 pF and 6 pF are connected in parallel to a 
direct voltage supply of 100 V. Determine 
(a) the equivalent circuit capacitance, (b) the 
total charge and (c) the charge on 
each capacitor. 



(a) The equivalent capacitance C for four capacitors 
in parallel is given by: 



i.e. C = l + 3 + 5 + 6 = 15pF 

(b) Total charge Q T — CV where C is the equiva- 
lent circuit capacitance i.e. 

Q t = 15 x 10- 6 x 100 = 1.5 x 10“ 3 C 
= 1.5 mC 

(c) The charge on the 1 pF capacitor 

g, = C\V — 1 x 10" 6 x 100 = 0.1 mC 
The charge on the 3 pF capacitor 
Q 2 = C 2 v = 3 x 10~ 6 x 100 = 0.3 mC 
The charge on the 5 pF capacitor 
Q 3 = C 3 V = 5 x 10~ 6 x 100 = 0.5 mC 
The charge on the 6 pF capacitor 
Q 4 = C 4 V = 6 x 10" 6 x 100 = 0.6 mC 
[Check: In a parallel circuit 

Qt — Q\ + G 2 + Qi + Qt- 
Qi + Q 2 + Q 3 + Qt — 0.1 + 0.3 + 0.5 + 0.6 
= 1.5 mC = Qj] 

Problem 13. Capacitance’s of 3pF, 6pF 
and 12pF are connected in series across a 
350 V supply. Calculate (a) the equivalent 
circuit capacitance, (b) the charge on each 
capacitor, and (c) the p.d. across each 
capacitor. 

The circuit diagram is shown in Fig. 6.8. 



C 1 =3|.iFC2=6|+ C 3 = 1 2 jjF 



— II — 


rr 


II 








b* 


— V = 350 V A 



Figure 6.8 

(a) The equivalent circuit capacitance C for three 
capacitors in series is given by: 

1 _ 1 1 1 
c = cT + c7 + c~ 3 
1 111 4 + 2+1 7 

1-e ' C _ 3 + 6 + l2 _ 12 _ T2 
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Hence the equivalent circuit capacitance 
12 5 

C = — = 1-pF or 1.714 pF 
7 7 

(b) Total charge Qj — CV, hence 



Qt = — x 1(T 6 x 350 
^ 7 

= 600 pC or 0.6 mC 

Since the capacitors are connected in series 
0.6 mC is the charge on each of them. 

(c) The voltage across the 3 pF capacitor, 



+ i = 



Q_ 

Ci 

0.6 x 10~ 3 



= 200 V 



3 x 10- 6 

The voltage across the 6 pF capacitor, 



V 2 = 



Q_ 

c 2 



0.6 x 10- 3 



= 100 V 



6 x 10- 6 

The voltage across the 12 pF capacitor. 



V 3 = 



Q_ 

c 3 



2 pF 




Figure 6.9 



The equivalent capacitance of 5 /xF in series 
with 15 pF is given by 



5 x 15 
5 + 15 



pF = 



75 

20 



pF = 3.75 pF 



(b) The charge on each of the capacitors shown in 
Fig. 6.10 will be the same since they are con- 
nected in series. Let this charge be Q coulombs. 

Then Q = C 1 V 1 =C 2 V 2 

i.e. 5Vi = 15+2 

+i = 3+ 2 (1) 

Also +i + + 2 = 240 V 
Hence 3V 2 + V 2 — 240 V from equation (1) 
Thus + 2 = 60 V and +i = 180 V 



0.6 x 10~ 3 
12 x 10~ 6 



= 50V 



[Check: In a series circuit + = +i + +t + + 3 . 
+i + +2 + + 3 = 200 + 100 + 50 = 350 V = 
supply voltage] 



In practice, capacitors are rarely connected in series 
unless they are of the same capacitance. The reason 
for this can be seen from the above problem where 
the lowest valued capacitor (i.e. 3 pF) has the highest 
p.d. across it (i.e. 200 V) which means that if all the 
capacitors have an identical construction they must 
all be rated at the highest voltage. 



Problem 14. For the arrangement shown in 
Fig. 6.9 find (a) the equivalent capacitance of 
the circuit, (b) the voltage across QR , and 
(c) the charge on each capacitor. 



(a) 2 pF in parallel with 3 pF gives an equivalent 
capacitance of 2 pF + 3 pF = 5 pF. The circuit 
is now as shown in Fig. 6.10. 



Hence the voltage across QR is 60 V 




Figure 6.10 



(c) The charge on the 15 pF capacitor is 
C 2 + 2 = 15 x 10~ 6 x 60 = 0.9 mC 
The charge on the 2 pF capacitor is 

2 x 10~ 6 x 180 = 0.36 mC 

The charge on the 3 pF capacitor is 

3 x 10~ 6 x 180 = 0.54 mC 
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Now try the following exercise 



Exercise 27 Further problems on 
capacitors in parallel and series 

1 Capacitors of 2pF and 6pF are connected 
(a) in parallel and (b) in series. Determine the 
equivalent capacitance in each case. 

[(a)8pF (b) 1.5 pF] 

2 Find the capacitance to be connected in series 

with a lOpF capacitor for the equivalent 
capacitance to be 6 pF [15 pF] 

3 What value of capacitance would be obtained 
if capacitors of 0.15pF and O.lOpF are con- 
nected (a) in series and (b) in parallel 

[(a) 0.06 pF (b) 0.25 pF] 

4 Two 6pF capacitors are connected in series 
with one having a capacitance of 12 pF. Find 
the total equivalent circuit capacitance. What 
capacitance must be added in series to obtain 
a capacitance of 1.2 pF? [2.4 pF, 2.4 pF] 

5 Determine the equivalent capacitance when 
the following capacitors are connected (a) in 
parallel and (b) in series: 

(i) 2 pF, 4 pF and 8 pF 



(ii) 0.02 pF, 0.05 pF and O.lOpF 

(iii) 50 pF and 450 pF 



(iv) ( 


3.01 pF and 200 pF 




[(a) 


(i) 


14 pF 


(ii) 


0.17 pF 




(iii) 


500 pF 


(iv) 


0.0102 pF 


(b) 


(i) 


1.143 pF 


(ii) 


0.0125 pF 




(iii) 


45 pF 


(iv) 


196.1 pF] 



6 For the arrangement shown in Fig. 6.1 1 find 

(a) the equivalent circuit capacitance and 

(b) the voltage across a 4.5 pF capacitor. 

[(a) 1.2 pF (b) 100 V] 



4.5pF 4.5pF 4.5pF 




Figure 6.11 



7 Three 12 pF capacitors are connected in 
series across a 750 V supply. Calcu- 
late (a) the equivalent capacitance, (b) the 




6.9 Dielectric strength 

The maximum amount of field strength that a dielec- 
tric can withstand is called the dielectric strength of 
the material. Dielectric strength. 
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Problem 15. A capacitor is to be 
constructed so that its capacitance is 0.2 pF 
and to take a p.d. of 1.25 kV across its 
terminals. The dielectric is to be mica which, 
after allowing a safety factor of 2, has a 
dielectric strength of 50MV/m. Find (a) the 
thickness of the mica needed, and (b) the 
area of a plate assuming a two-plate 
construction. (Assume e r for mica to be 6). 



(a) Dielectric strength. 



i.e. 




1.25 x 10 3 
50 x 10 6 



, D energy 

(b) Power = 

time 



0.24 

10 x 10- 6 



W = 24 kW 



Problem 17. A 12pF capacitor is required 
to store 4J of energy. Find the p.d. to which 
the capacitor must be charged. 



Energy stored 

1 2 

VF = -CV" 
2 

2 2 IT 

hence V " = 

C 

and p.d. V — 



2x4 
12 x 10- 6 



= 0.025 mm 



(b) Capacitance, 




816.5 V 



£o e r A 
d 



hence 

Cd 0.2 x 10“ 6 x 0.025 x 10~ 3 

area A = = — 

e 0 £ r 8.85 x 10- 12 x 6 

= 0.09416 m 2 = 941.6 cm 2 



m 



6.10 Energy stored in capacitors 

The energy, W, stored by a capacitor is given by 

W = \cv 2 joules 



Problem 18. A capacitor is charged with 
lOmC. If the energy stored is 1.2 J find 
(a) the voltage and (b) the capacitance. 



Energy stored W = \CV 2 and C = Q/V. Hence 



and 





V 2 



= \QV from which 
_ 2 W 
V ~~Q 

Q = 10 mC = 10 x 10~ 3 C 



W = 1.2 J 



Problem 16. (a) Determine the energy 

stored in a 3 pF capacitor when charged to 
400 V (b) Find also the average power 
developed if this energy is dissipated in a 
time of 10 ps. 



(a) Energy stored 



(a) Voltage 

2 W 2 x 1.2 

V = = — = 0.24 kV or 240 V 

Q 10 x 10~ 3 

(b) Capacitance 



W = -CV 2 joules = |x3x 10~ 6 x 400 2 



= - x 16 x 10^ 2 = 0.24 J 
2 



Q 10 x 10" 3 10 x 10 6 

= - = F = pF 

V 240 240 x 10 3 

= 41.67 pF 










